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T h i s  r e p o r t  summarizes t e c h n i c a l  a s p e c t s  of work conducted on 
NASA Grant  NGR 22-009-378. The g r a n t  w a s  i n i t i a t e d  a t  MIT i n  1969 
t o  s t u d y  t h e  p r o d u c t i o n  and d i s p e r s i o n  of p o l l u t a n t s  from a i r c r a f t  
j e t  e n g i n e s .  In t h e  c o u r s e  of  t h e  g r a n t ,  a ser ies  of  b a s i c  problems 
have been examined. Work completed a t  MIT i n c l u d e s  a n  a n a l y s i s  
of t h e  s o o t  f o r m a t i o n  and o x i d a t i o n  ra tes  i n  g a s  t u r b i n e  combustors ,  
mode l l ing  t h e  n i t r i c  o x i d e  f o r m a t i o n  p r o c e s s  i n  g a s  t u r b i n e  combustors ,  
a s t u d y  of t h e  mechanisms c a u s i n g  h i g h  ca rbon  monoxide e m i s s i o n s  
from g a s  t u r b i n e s  a t  low power, a n  a n a l y s i s  of t h e  d i s p e r s i o n  of  
p o l l u t a n t s  from a i r c r a f t  b o t h  around l a r g e  a i r p o r t s  and from t h e  
wakes of s u b s o n i c  and s u p e r s o n i c  a i r c r a f t ,  a s t u d y  of  t h e  combustion 
and f l o w  c h a r a c t e r i s t i c s  of t h e  NASA s w i r l  can modular combustor 
and t h e  development and v e r i f i c a t i o n  of NO and CO e m i s s i o n s  models,  
an a n a l y s i s  of t h e  i n f l u e n c e  of  f u e l  a t o m i z e r  c h a r a c t e r i s t i c s  on t h e  
f u e l - a i r  mixing p r o c e s s  i n  l i q u i d  f u e l  s p r a y  f l a m e s ,  and t h e  develop- 
ment of  models which p r e d i c t  t h e  s t a b i l i t y  l i m i t s  oE f u l l y  and par-  
t i a l l y  premixed f u e l - a i r  m i x t u r e s .  
X 
In a d d i t i o n  t o  t h i s  work a t  N I T ,  a n  e x t e n s i o n  t o  t h e  program i n  
J u l y  1973 was approved by NASA t o  s u p p o r t  more d e t a i l e d  e x p e r i m e n t a l  
s t u d i e s  of t h e  s w i r l  c an  module wake r e g i o n  i n  t h e  F u e l  Technology 
Labora to ry  a t  t h e  U n i v e r s i t y  of S h e f f i e l d .  T h i s  program complemented 
and ex tended  t h e  MIT program, by p r o v i d i n g  s u b s t a n t i a l  new i n f o r m a t i o n  
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on t h e  a t o n i z a t i o n  and f u e l  d i s t r i b u t i o n  c h a r a c t e r i s t i c s  of t h e  swir ler  
assembly,  cn  t h e  d e t a i l e d  f l o w  p a t t e r n  i n  t h e  module wake, and on t h e  
s p e c i e s  c o r c e n t r a t i o n  d i s t r i b u t i o n s  and t h e  e x t e n t  of s p a t i a l  f u e l - a i r  
r a t i o  n o n - t n i f o r m i t i e s  i n  t h e  r e g i o n  where most of  t h e  NO e m i s s i o n s  
are formed. Inc luded  i n  t h i s  a c t i v i t y  w e r e  t h e  development o f  several 
new d i a g n o s t i c  t e c h n i q u e s .  
X 
2 .  TECHNICAL SUEIARY OF WORK AT MIT 
2 . 1  P o l l u t a n t  Formation Mechanisms i n  Gas Turb ine  Combustors 
A major  p a r t  of t h e  r e s e a r c h  s u p p o r t e d  by t h i s  g r a n t  w a s  devo ted  
t o  d e v e l o p i n g  models of t h e  mechanisms by which s o o t ,  n i t r i c  o x i d e  (NO) 
and ca rbon  monoxide ( C O )  form i n s i d c  2 p a s  t u r b i n e  combustor. 
The fo rma t ion  and o x i d a t i o n  of s o o t  under  c o n d i t i o n s  t y p i c a l  
of j e t  e n g i n e  combustors  w a s  examined a t  a n  o v e r a l l  and t h e n  fundamental  
l e v e l .  A r ev iew of c o n d i t i o n s - - l o c a l  f u e l - a i r  e q u i v a l e n c e  r a t i o ,  p re s -  
s u r e  and t empera tu re - - in s ide  a t y p i c a l  combustor r e l a t i v e  t o  f a c t o r s  
known t o  b e  impor t an t  f o r  s o o t  f o r m a t i o n  i n  s i m p l e  l a b o r a t o r y  f l ames  
confirmed which zones w i t h i n  t h e  combustor were c r i t i c a l  i n  t h e  s o o t  
fo rma t ion  p r o c e s s .  A fundamental  s t u d y  of s o o t  f o r m a t i o n  i n  shock  
h e a t e d  premixed f u e l - a i r - d i l u e n t  m i x t u r e s  i n  a shock t u b e  f o r  s e l e c t e d  
gaseous hydrocarbon f u e l s  showed t h a t  t h e  c r i t i c a l  carbon:oxygen molar  




i '  
e r a t u r e .  Thus d a t a  o b t a i n e d  i n  l a b o r a t o r y  f lame s t u d i e s  w i t h  
ambient  t e m p e r a t u r e  a i r  shou ld  be  e x t r a p o l a t e d  t o  g a s  t u r b i n e  
combustor c o n d i t i o n s  w i t h  c o n s i d e r a b l e  c a u t i o n .  
I . 
I n  a s e r i e s  of s t u d i e s  of t h e  s o o t  o x i d a t i o n  p r o c e s s ,  several 
proposed k i n e t i c  models of s o o t  o x i d a t i o n  were a p p l i e d  t o  g a s  
t u r b i n e  combustor c o n d i t i o n s .  A model developed f o r  p y r o g r a p h i t e  
o x i d a t i o n  where t h e  o x i d a t i o n  r a t e  depends on t h e  p a r t i a l  p r e s s u r e  
of  O2 and t h e  t empera tu re ,  w a s  shown t o  f i t  t h e  more l i m i t e d  flame- 
based s o o t  o x i d a t i o n  models. I t  p r e d i c t e d  t h a t  w i t h i n  a g a s  t u r b i n e  
combustor,  maximum burn-up ra tes  .occur red  for.  tkie f u e l - a i r  equi-  
v a l e n c e  r a t i o  between 0.7 and 0.8. 
E x t e n s i v e  work w a s  done on t h e  mechanism of  n i t r i c  o x i d e  (NO) 
f o r m a t i o n .  A k i n e t i c  model f o r  t h e  f o r m a t i o n  p r o c e s s  w i t h  a n  
a p p r o p r i a t e  set of a s sumpt ions  f o r  t h e  h i g h  p r e s s u r e ,  h i g h  tempera- 
t u r e  g a s  t u r b i n e  c o n t e x t  w a s  developed.  Using s i m p l e  r e a c t o r  f l o w  
models f o r  t h e  ma jo r  r e g i o n s  of a combustor,  t h e  e f f e c t s  of compressor  
e x i t  a i r  t e m p e r a t u r e  and p r e s s u r e ,  f u e l - a i r  e q u i v a l e n c e  r a t i o ,  
r e s i d e n c e  time and n o n u n i f o r m i t i e s  i n  f u e l  d i s t r i b u t i o n  were examined. 
The e f f e c t  of n o n u n i f o r m i t i e s  i n  e q u i v a l e n c e  r a t i o  i n  t h e  burned 
g a s e s  w a s  shown t o  b e  a n  e s p e c i a l l y  i m p o r t a n t  f a c t o r  i n  d e t e r m i n i n g  
t h e  v a r i a t i o n  i n  NO e m i s s i o n s  w i t h  o v e r a l l  f u e 1 : a i r  r a t i o .  A 
s t o c h a s t i c  mixing model which p e r m i t s  t h e s e  n o n u n i f o r m i t i e s  t o  be 
X 
i n c o r p o r a t e d  i n t o  t h e  r e a c t o r  f l o w  models,  and s i m u l a t e s  t h e  coup led  
t u r b u l e n t  mixing and chemical  r e a c t i o n  p r o c e s s e s ,  was devel.oped 
and s u c c e s s f u l l y  a p p l i e d  t o  t h e  NO f o r m a t i o n  problem. 
X 
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A s t u d y  t o  de t e rmine  t h e  o r i g i n  of CO e m i s s i o n s  a t  l i g h t  l o a d  
from a g a s  t u r b i n e  w a s  c a r r i e d  o u t .  A k i n e t i c  mechanism f o r  t h e  CO 
o x i d a t i o n  p r o c e s s  f o l l o w i n g  p a r t i a l  o x i d a t i o n  of a hydrocarbon 
f u e l - a i r  m i x t u r e  w a s  developed.  I t  w a s  based on t h e  p a r t i a l  
e q u i l i b r i u m  approach t o  r e a c t i n g  g a s  m i x t u r e s  and t h e  i m p o r t a n t  
k i n e t i c  c o n s t r a i n t s  were found t o  b e  (1) t h e  ra te  of change i n  t h e  
number of molecu le s  p e r  u n i t  mass of g a s  due t o  r ecombina t ion ,  and 
( 2 )  t h e  CO o x i d a t i o n  s t e p  by OH. The v a l i d i t y  of t h e  model w a s  
checked i n  a b u r n e r  experiment  where combustion g a s e s  were quenched 
i n  a h e a t  exchanger .  
T h i s  k i n e t i c  model was t h e n  used w i t h  s i m p l e  f l o w  models of t h e  
p r imary  and secondary  zones of a g a s  t u r b i n e  combustor t o  d e t e r m i n e  
t h e  r e g i o n s  i n  t h e  f l o w  where t h e  CO e m i s s i o n s  o r i g i n a t e ,  and t o  
e x p l o r e  t h e  e f f e c t  of e n g i n e  o p e r a t i n g  c o n d i t i o n s .  N o n u n i f o r m i t i e s  
i n  f u e l  d i s t r i b u t i o n  i n  t h e  p r imary  zone, and t h e  e q u i v a l e n c e  r a t i o  
and t e m p e r a t u r e  d i s t r i b u t i o n  c r e a t e d  a s  d i l u t i o n  a i r  j e t s  mix w i t h  
t h e  b u l k  f l o w  were t a k e n  i n t o  accoun t .  I t  w a s  shown t h a t  r a p i d  
quenching of t h e  CO o x i d a t i o n  p r o c e s s  by t h e  mixing of  combustion gages  
w i t h  t h e  d i l u t i o n  a i r  j e t s  w a s  t h e  p r imary  f a c t o r  i n  d e t e r m i n i n g  
CO emis s ions .  The model w a s  a b l e  t o  p r e d i c t  a d e q u a t e l y  t h e  
v a r i a t i o n  in CO e m i s s i o n s  w i t h  eng ine  l o a d  i n  an i n d u s t r i a l  g a s  t u r b i n e  
eng ine .  
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2.2 D i s p e r s i o n  of  P o l l u t a n t s  from A i r c r a f t  
A p a r t  of t h e  r e s e a r c h  e f f o r t  was devoted  t o  t h e  problem of 
t h e  d i l u t i o n  and d i s p e r s i o n  of a i r c r a f t  eng ine  exhaus t  t ra i l s .  A 
s i m p l e  model f o r  t h e  growth and motion of an  a i r c r a f t ' s  exhaus t  
stream, when j e t  momentum and t h e n  buoyancy dominate  o v e r  t h e  
e f f e c t s  of a tmosphe r i c  t u r b u l e n c e ,  was developed.  The model w a s  
used t o  p r e d i c t  t h e  growth of t h e  t r a i l  and t h e  co r re spond ing  
d i l u t i o n  of t h e  exhaus t  p r o d u c t s  from an  i n d i v i d u a l  a i r c r a f t .  A 
s imple  model f o r  t h e  cumula t ive  d e p o s i t i o n  of exhaus t  p r o d u c t s  
from a i r c r a f t  l a n d i n g  and l e a v i n g  a n  a i r p o r t  a t  r e g u l a r  i n t e r v a l s  
was a l s o  deve loped  t o  show how p o l l u t a n t s  are  l i k e l y  t o  b e  concen- 
t r a t e d  i n  a narrow c o r r i d o r  ex tend ing  downwind from t h e  a i r p o r t .  
A more d e t a i l e d  model which d e s c r i b e s  t h e  e a r l y  t i m e  h i s t o r y  
of t h e  wake of a n  a i r c r a f t  w a s  developed.  T h i s  t h e o r y  shows t h a t  
f a r  downstream of t h e  a i r c r a f t ,  buoyancy dominates  t h e  wake growth,  
For  a s u p e r s o n i c  t r a n s p o r t  f l y i n g  i n  t h e  s t r a t o s p h e r e ,  t h e  s t a b l e  
s t r a t i f i c a t i o n  of t h e  s t r a t o s p h e r e  w i l l  l i m i t  t h e  growth o f  t h e  
wake. Also ,  i t  w a s  shown t h a t  t h e  exhaus t  g a s e s  i n  t h e  s t r a t o s p h e r e  
can  s i n k  due t o  d i f f e r e n t i a l  r a d i a t i v e  c o o l i n g  caused  by t h e  h i g h  
c o n c e n t r a t i o n  o f  water vapor  and lower c o n c e n t r a t i o n  of  ozone i n  t h e  
wake. 
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2 . 3  Research  on t h e  S w i r l  Can Combustor 
A s t u d y  was made of  NO and CO fo rma t ion  i n  t h e  NASA s w i r l  
c an  combustor concept .  Models which p r e d i c t  t h e  emiss ion  of 
t h e s e  p o l l u t a n t s  as a f u n c t i o n  of  combustor d e s i g n  and o p e r a t i n g  
v a r i a b l e s  w e r e  deve loped  and compared w i t h  t h e  a v a i l a b l e  NASA 
emiss ions  d a t a .  
The model f o r  p r e d i c t i n g  NO emiss ions  i n c o r p o r a t e d  a s t i r r e d  
r e a c t o r  pr imary  combust ion zone and  one o r  more p lug  f low 
d i l u t i o n  zones.  S t a t i s t i c a l  means f o r  a c c o u n t i n g  f o r  f u e l - a i r  
r a t i o  n o n u n i f o r m i t i e s  and t u r b u l e n t  mixing d u r i n g  d i l u t i o n  were 
developed ,  and coupled  w i t h  t h e  ex tended  Zeldovich  k i n e t i c  scheme 
f o r  NO fo rma t ion .  P r e d i c t i o n s  o f  NO emis s ions  were compared w i t h  
e x p e r i m e n t a l  d a t a  o v e r  a wide r ange  of  f u e l - a i r  r a t i o s ,  a i r  
t e m p e r a t u r e s  and p r e s s u r e s  and good agreement  w a s  o b t a i n e d .  
Exper imenta l  work w a s  c a r r i e d  o u t  on a s i n g l e  s w i r l  c an  
module t o  v e r i f y  v a r i o u s  assumpti .ons and parameter v a l u e s  used 
i n  t h e  NO model as a p p l i e d  t o  t h e  s w i r l  can  combustor.  The e x p e r i -  
menta l  t e c h n i q u e s  used  i n c l u d e d  s t r o b o s c o p i c ,  t ime-exposure and 
h igh  speed motion p i c t u r e s ,  and smoke, water and h e l i u m - f i l l e d  
soap  bubble  f low- t r ac ing  t e c h n i q u e s  t o  d e f i n e  t h e  l i q u i d  f u e l  
d r o p l e t  b reakup p r o c e s s  and t u r b u l e n t  r e c i r c u l a t i n g  f l o w  p a t t e r n .  
A nonburning t r a c e r  experiment  w a s  used t o  d e f i n e  the d i l u t i o n  
ra te  of  f low through t h e  c e n t e r  of t h e  can ,  i n  c o l d  f low.  A 
burning  exper iment  w a s  used t o  map t h e  f u e l - a i r  e q u i v a l e n c e  r a t i o  
d i s t r i b u t i o n ,  and de te rmine  t h e  composi t ion  and degree  of unmixed- 




can  module. 
A more d e t a i l e d  model of t h e  pr imary combust ion r e g i o n  was 
i n v e s t i g a t e d  i n  a n  a t t e m p t  t o  p r e d i c t  s w i r l  c a n  combustor  CO 
emis s ions .  A s t o c h a s t i c a l l y  mixed p a r t i a l l y  s t i r r e d  r e a c t o r  
t e c h n i q u e  w a s  deve loped  t o  f o l l o w  t h e  t u r b u l e n t  f u e l - a i r  mix ing  
p r o c e s s  and coup le  w i t h  t h e  CO chemis t ry .  T h i s  chemis t ry  w a s  
model led w i t h  t h e  c o n s t r a i n e d  p a r t i a l - e q u i l i b r i u m  t e c h n i q u e  
developed  p r e v i o u s l y ,  where t h e  r e l e v a n t  c o n s t r a i n t s  are on t h e  
number o f  moles p e r  u n i t  mass through t h e  t h r e e  body r ecombina t ion  
p r o c e s s e s ,  and on t h e  o x i d a t i o n  of CO by OH r a d i c a l s .  Model 
p r e d i c t i o n s  showed r e a s o n a b l e  agreement  w i t h  a v a i l a b l e  expe r i -  
men ta l  d a t a .  
2.4 Research on Fuel-Air  Mixing P r o c e s s e s  
S t u d i e s  were c a r r i e d  o u t  t o  de t e rmine  t h e  r e l a t i o n s h i p  between 
f u e l  i n j e c t o r  d e s i g n  and. o p e r a t i n g  c h a r a c t e r i s t i c s  and t h e  f u e l - a i r  
mix ing  r a t e  i n  t h e  pr imary  combust ion r e g i o n  of a b u r n e r .  The 
f u e l - a i r  r a t i o  n o n u n i f o r m i t i e s  t h a t  r e s u l t  from t h e  d e t a i l e d  
p r o c e s s e s  of  f u e l  a t o m i z a t i o n ,  f u e l  d r o p l e t  t r a j e c t o r i e s ,  f u e l  
d r o p l e t  v a p o r i z a t i o n ,  and f u e l - a i r  vapor  mixing  are known t o  a f f e c t  
t h e  combustor o p e r a t i n g  c h a r a c t e r i s t i c s ,  s t a b i l i t y  and emiss ions .  
Experiments  w i t h  gaseous  f u e l  i n  t h r e e  g e o m e t r i c a l l y  s i m i l a r  
s i m p l e  t u b u l a r  b u r n e r s  were used t o  p rov ide  d a t a  on f u e l - a i r  mixing 
ra tes  as a f u n c t i o n  of f u e l  j e t  k i n e t i c  ene rgy ,  swirl and c h a r a c t e r -  
i s t i c  dimensions.  A s c a l i n g  law f o r  t h e  a v e r a g e  t u r b u l e n t  mixing 
i n t e n s i t y  i n  t h e  pr imary  combust ion r e g i o n  d e r i v e d  from t u r b u l e n c e  
t h e o r y  w a s  shown t o  c o r r e l a t e  t h e  d a t a  ove r  a wide r ange  of o p e r a t i n g  
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conditions, and thus provide a predictive capability. 
Experiments with liquid fuels with various designs of 
pressure and air-assist atomizers and with various fuels were 
carried out to determine the influence of.the fuel evaporation 
process on the fuel-air mixing rate. It wis shown that with air- 
assist atomizers the jet mixing process is rate controlling, and 
the fuel evaporation process is not significant. With pressure 
atomizers, characteristic droplet evaporation and mixing times 
are comparable and the evaporating drops in the liquid fuel spray 
are an important mechanism in distributing fuel through the primary 
combustion region. 
A technique was developed for estimating the unmixedness 
in a turbulent burned gas flow from time-average measurements of 
species concentrations. It was shown that under normal burner 
operating conditions the standard deviation of the fuel-air equi- 
valence ratio distribution, due to turbulent composition fluctuations, 
was of the order of half the local mean value in the primary 
combustion region. Nonuniformities decayed as the flow moved down- 
stream. 
2.5 Lean Ignition and Blowout Studies 
Because in premixed prevaporized combustor concepts, flame 
stability limits are an important practical constraint, a 
substantial research activity on ignition and blowout was initiated 
and completed. Models for predicting ignition and blowout in 
lean mixtures as a function of mixture temperature, pressure, 
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f u e l - a i r  r a t i o  u n i f o r m i t y  and v e l o c i t y  have  been  developed and 
v e r i f i e d .  
A c o r r e l a t i o n  f o r  blowoff v e l o c i t y  based  on t h e  b a s i c  quant-  
i t i e s  of t u r b u l e n t  f l ow and t h e  l amina r  f lame speed  of  t h e  f u e l - a i r  
m i x t u r e  w a s  developed.  It showed good agreement  w i t h  t h e  e x p e r i m e n t a l l y  
observed  t r e n d s  f o r  v a r i a t i o n s  i n  e q u i v a l e n c e  r a t i o ,  f l ameho lde r  
c h a r a c t e r i s t i c  s i z e ,  f r e e  stream tempera tu re  and p r e s s u r e ,  and 
t u r b u l e n t  Reynold 's  number. 
A s t a t i s t i c a l  model based  on a Monte C a r l o  c a l c u l a t i o n  p rocedure  
w a s  deve loped  t o  f o l l o w  t h e  combust ion chemis t ry  through t h e  mixing 
p r o c e s s e s  t h a t  occu r  i n  t h e  f lame s t a b i l i z i n g  zone i n  a b u r n e r .  
An o v e r a l l  k i n e t i c  rate e q u a t i o n  f o r  methane w a s  used t o  d e s c r i b e  
t h e  f u e l  o x i d a t i o n  p r o c e s s .  The model w a s  used t o  p r e d i c t  t h e  lean  
i g n i t i o n  and blowout l i m i t s  of  premixed t u r b u l e n t  f lames  and of 
f l ames  where t h e  m i x t u r e  f u e l - a i r  r a t i o  nonun i fo rmi ty ,  model led by  
a g a u s s i a n  d i s t r i b u t i o n ,  w a s  i n c r e a s e d .  
The t r e n d s  i n  model p r e d i c t i o n s  were v e r i f i e d  by e x p e r i m e n t a l  
w o r k  on an atmospheric pressure c o n s t a n t  c r o s s - s e c t i o n a l  area 
t u b u l a r  combustor.  Lean i g n i t i o n  and blowout d a t a  as a f u n c t i o n  
o f  a i r  t empera tu re ,  a i r  v e l o c i t y  and m i x t u r e  nonun i fo rmi ty  were 
o b t a i n e d .  An impor t an t  new r e s u l t  w a s  t h e  demons t r a t ion  t h a t  
n o n u n i f o r m i t i e s  i n  Fue l - a i r  r a t i o  i n  t h e  i n l e t  stream t o  a combustor 
improve t h e  l e a n  i g n i t i o n  and blowout l i m i t s  by up t o  a f a c t o r  of  
two. 
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3. TECHNICAL SUMMARY OF WORK AT SHEFFIELD 
3 . 1  Flame C h a r a c t e r i s t i c s  of  a NASA Con t ra  S w i r l  Module 
A s t u d y  w a s  made o f  unconfined f l ames  s t a b i l i z e d  on a NASA c o n t r a -  
s w i r l  module. A wide r ange  o f  f l ames  w a s  s t - b i l i z e d .  The f l ame  s t r u c -  
t u r e  w a s  found t o  depend upon t h e  r e f e r e n c e  v e l o c i t y  and f u e l - a i r  
r a t i o .  Highly compact f l ames  were o b t a i n e d  o v e r  a narrow band of f u e l -  
a i r  r a t i o s  a t  a r e f e r e n c e  v e l o c i t y  of 28 m / s .  
S t u d i e s  were made of  t h e  e f f e c t  of change i n  p r e h e a t  t e m p e r a t u r e  
on t e m p e r a t u r e  and s p e c i e s  c o n c e n t r a t i o n  d i s t r i b u t i o n s  i n  propane 
f lames.  When t h e  i n l e t  a i r  t e m p e r a t u r e  T w a s  v a r i e d  f r o m  300 t o  6 7 3  K ,  
t h e  maximum t e m p e r a t u r e  i n  t h e  f lame w a s  found t o  i n c r e a s e  by approx i -  
ma te ly  50 K p e r  100 K i n c r e a s e  i n  T . The p o i n t  of  maximum t e m p e r a t u r e  
on t h e  c e n t e r l i n e  moved downstream as T w a s  i n c r e a s e d .  02,  CO, H and 
CH were Eound t o g e t h e r  i n  gas  samples  t a k e n  from t h e  f l ame ,  i n c l u d i n g  
r e g i o n s  of h i g h  t empera tu re .  T h i s  showed a h i g h  d e g r e e  o f  unmixedness 





3.2 P a r t i c l e  S i z e  and V e l o c i t y  Measurement by Laser Anemometry 
A Laser Anemometer w a s  s p e c i a l l y  developed f o r  t h e  s i m u l t a n e o u s  
measurement of s i z e  and v e l o c i t y  of d r o p l e t s  i n  l i q u i d  s p r a y  f l ames .  
k i p i d  measurements were made i n  s p r a y  f l ames  of  p a r t i c l e s  w i t h  d i a -  
me te r s  l ‘ i r g e r  t han  t h e  f r i n g e  spacing--up t o  300 urn. Time dependent 
v a r i a t i o n s  i n  l o c a l  s p r a y  s t r u c t u r e  were measured a t  p a r t i c l e  coun t ing  
r a t e  of  2 kHz w i t h  s p r a v  d e n s i t i e s  o f  10” p a r t i c l e s / m 3 .  
sizes ‘ir? d e r i v e d  from p u l s e  h e i g h t  a n a l y s i s  of mean LDA s i g n a l s .  
P a r t i c l e  
Measurements show t h a t  d r o p l e t  v e l o c i t y  i s  a f u n c t i o n  of d r o p l e t  
d i a m e t e r  f o r  b o t h  b u r n i n g  and non-burning c o n d i t i o n s .  Temporal ly  
averaged  l o c a l  s i z e  d i s t r i b u t i o n s  were measured d i r e c t l y  and s p a t i a l l y  
averaged  s i z e  d i s t r i b u t i o n s  were d e r i v e d  from t h e  s i m u l t a n e o u s l y  a c q u i r e d  
v e l o c i t y  d a t a .  S i g n i f i c a n t  d i f f e r e n c e s  were found between s p a t i a l l y  and 
t empora l ly  averaged  s i z e  d i s t r i b u t i o n s .  Comparison of r e s u l t s  o b t a i n e d  
under  bu rn ing  and non-burning c o n d i t i o n s  showed changes i n  s i z e  d i s t r i -  
b u t i o n  due t o  p r e f e r e n t i a l  v a p o r i z a t i o n  of s m a l l  d r o p l e t s ,  a c c e l e r a t i o n  
due t o  the rma l  expans ion  of  g a s e s  and co r re spond ing  changes i n  d r o p l e t  
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Fay, J. A , ,  "Air Pollution from Future Giant Jetports," F l u i d  Mech. Lab. 
Publ. NO. 70-6 ,  M.I.T. (1970). 
ABSTRACT: The planned expansion of major airports could lead to a new 
type of air pollution problem. 
capable of handling annually a hundred million passengers and 
more than a million aircraft operations. 
by aircraft during landing, taxing, and take-off will cause higher 
ambient levels than is now encountered at existing airports. 
Because aircraft arrive and depart in a generally upwind direction, 
the pollutants are deposited in a narrow corridor extending downwin 
of the airport. 
not dilute such a trail, since the pollutants are distributed 
vertically during the landing and take-of€ operations. 
consequence, airport pollution may persist twenty to forty miles 
downwind vithout much attenuation. Based on this simple 
meteorological model, calculations of the ambient levels of 
nitric oxide and particulates to be expected downwind of a giant 
jetport show them to be about equal to those in present urban 
environments. These calculations are based on measured emission 
rates from jet engines and estimates of aircraft and traffic 
for future jetports. 
These giant jetports will be 
The pollutants emitted 
Vertical mixing in the turbulent atmosphere will 
A s  a 
Linden, L. H. and Heywood, J. B., *'Smoke Emission from Jet Engines," 
Combustion Science and Technology, Vol. 2, pp. 401-411, 1971. 
ABSTRACT: The fundamental processes determining the amount of smoke in the 
exhaust of a gas turbine engine are examined. First, the 
configuration of modern combustors and the state of knowledge of 
the processes occurring within the combustor are reviewed. Data 
from laboratory flame studies of carbon formation are then 
discussed and correlated with engine and combustor exhaust studies 
It is seen that solid carbon is the nonequilibrium product of 
fuel vapor - air combustion in locally fuel rich zones. Calculati 
of carbon oxidation rates are then used to show that significant 
fractions of the carbon formed in the rich regions of the primary 
zone may be consumed in the leaner regions of the primary zone 
and in the secondary zone. Finally, combustor design features 
desirable for minimal exhaust smoke are summarized, and areas wher 
further research wou1.d be most beneficial are identified. 
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Heywood, J. B., Fay, J. A . ,  and Linden, L. H., "Jet Aircraft A i r  Pollutant 
Production and Dispersion," AIAA paper 70-115, presented at 8th Aerospace 
Sciences Meet'ing, New York, Jan. 1070; AIAA Journal, May 1971, pp. 841-850. 
ABSTRACT: In this paper two aspects of pollution from jet engines 
are considered in detail. Firstly, 3t is shown that at or 
near full load, the most important air pollutants are nitric 
oxide and soot, and the production processes of these two 
pollutants are then discussed. A kir.etic analysis shows that 
nitric oxide is formed mainly in the combustor primary zone, 
in regions of the flow where the equivalence ratio is greater 
than about 0.8, and that freezing occurs as the gas is diluted 
and cooled in the secondary zone. Calculated results for nitric 
oxide concentrations in the combustion products are presented 
and compared with existing experimental data. The mechanisms 
important in the formation of carbon in the fuel-rich regions 
of the primary zone are reviewed. 
in the remainder of the combustor is then considered, and the 
oxidation rates attainable within the combustor are computed 
from existing rate data. Secondly, the dispersion of the exhaust 
plume in the atmosphere is analyzed, the two effects considered 
being the entrainment of surrounding air due to turbulent motion 
of the jet and the motion induced by the buoyancy of the trail. 
For short times, mixing proceeds as in ordinary wakss; f o r  l cnge r  
times, mixing is dominated by motion induced by buoyancy. 
The oxidation of this carbon 
Fay, J. A,, and Heywood, J. B., "The Dispersion of Pollutants from 
Aircraft," SAE paper 710322,  presented at Conference on Aircraft and the 
Environment, Washington, D.C., Feb. 1971. 
ABSTRACT: Two aspects of the dispersion of pollutants from aircraft are 
reviewed. The first is the dispersal of aircraft exhaust 
emissipns in the vicinity of airports; the second is the dispersal 
of exhaust trails in the upper atmosphere. 
night be a?plied to the airport problen are discussed. Field 
studies of airport pollution are then reviewed to assess current 
pollutant levels around airports and the aircraft's contribution 
to those levels. The possibility of contrail formation from jet 
cmissions at high altitude is then considered and the effect 
of uncertainties in the trail mixing processes evaluated. 




Radcliffe, Samuel W. and Appleton, John P., "Shock-Tube Measurements of Carbon 
to Oxygen Atom Ratios for Incipient Soot Formation with C H C2H4, and C2H6 2 2'  
Fuels," Fluid Mech. Lab. Publ. No. 71-3, M.I.T., April 1971, Combustion Sc. & 
Tech., Vol. 3 ,  pp. 255-263, 1971. 
ABSTRACT: The critical atomic carbon to oxygen ratios, o , for incipient 
soot formation in shock-heated acetylene, ethyfene, ethaneloxygenl 
argon mixtures has been measured over the temperature range 
2 0 0 0 O K  to 2500°K for reactant partial pressures between 0.1 and 
0.4 atmos. 
used t o  detect soot. It was observed that the values of oc for 
all three fuels increased uniformly with temperature such that at 
the highest temperatures oc was considerably greater than unity, 
i.e. greater than the value of about unity at which solid carbon 
should have been precipitated on a thermochemical equilibrium 
basis. 
one millisecond, which was well in excess of the time required for 
the major heat release of the combustion reactions. The relevance 
of these experimental findings to the problem of soot formation in 
gas turbine combustion chambers is discussed. 
Absorption of light from a He-Ne laser at 6328OA was 
Observations were made over periods extending up to about 
Radcl.iffe, Samuel W. and Appleton, John P., "Soot Oxidation Rates in 
Gas Turbine Engines," Fluid Mech. Lab. Publ. No. 71-12, Combustion 
Sc. & Tech., Vol. 4 ,  pp. 171-175, 1971. 
ABSTRACT: A basis for cxtrapolating soot oxidation rate measurements 
obtained in laboratory flames to the more extreme operating 
conditions of gas turbine combustion chambers is proposed. The 
proposal is based on the observation that, within probable 
experimental uncertainty, the limited soot oxidation measurements 
correlate with the more extensive measurements of the surface 
oxidation rates of macroscopic sized samples of pyrographite. 
The soot oxidation rates thus determined for the conditions of 
a typical gas turbine combustion chamber are considerably lower 
than previous estimates which were based on simple extrapolations 
of the flame data. 
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Hcywood, John B. , "Gas Turbine CombLstor Modeling for Calculating Nitric 
Oxide Emissions," AIAA Paper No. 71-172, presented at AIAA/SAE 7th Propulsion 
Joint Specialist Conference, Salt Lake City, Utah, June 14-18, 1971. 
ABSTRACT: Two aspects of models used to predict nitric oxide formation 
in gas turbine combustors are examined. 
primary zone conditions, the validity of assuming 0, OH, H, and 
O2 in equilibrium in the burnt gas where most of the NO is formed 
in steady state, or in equilibrium, and the effect of additional 
reactions in the NO kinetic scheme are evaluated. The techniques 
which have been used to model the flow are summarized, and the 
importance of including nonuniformities in gas temperature and 
composition and a distribution of residence times are reviewed. 
It is shown that nonuniformities in the flow must be included 
before satisfactory agreement with exhaust measurements over a 
wide range of engine loads can be obtained. 
variations in mean primary zone equivalence ratio, engine 
compressor pressure ratio, and mean residence time are 
discussed. 
At typical combustor 
The effects of 
Overcamp, T. J. and Fay, J.A., "Dispersion and Subsidence of the Exhaust 
of a Supersonic Transport in the Stratosphere," A I M  Paper 72-650, presented 
at the 5th Fluid and Plasma Dynamics Conference, Boston, Mass., June 26-28, 
1973, Journal of Aircraft, Vol. 10, No. 12, December 1973, pp. 720-728. 
ABSTRACT: A theoretical model is presented that describes the early time 
history of the wake of an aircraft. This theory shows that far 
do;mstream of the aircraft, buoyancy dominates the growth of the 
wake. For a superscnic transport flying in the stratosphere, the 
stable stratification will limit the growth of the wake. Data of 
the visible wi.citli of the wake from laboratory experiments in a 
towing tank and fro13 studies on the growth of contrails from 
subsonic aircraft verify the model for a neutral atmosphere. 
A model  is developed to show that the exhaust gases of a 
supersonic trazsport can sink due to differential radiative 
cooling caused by the high concentration of water vapor and the 
lower concentration of ozone in the wake. Estimates of the rate 
of subsidence are given for aircraft flying between 16 and 27 km. 
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Heywood, John B., and Mikus, "Parameters Controlling Nitric Oxide Emissions 
from Gas Turbine Combustors," presented at the AGAR9 Propulsion and Energetics 
Panel 41st Meeting, London, England, April 9-13, 1973. 
ABSTRACT: Nitric oxide forms in the primary zone of gas turbine combustors 
where the burnt gas composition is close to stoichiometric and 
gas temperatures are highest. It has been found that combustor 
air inlet conditions, mean primary zone fuel-air ratio, residence 
time, and the uniformity of the primary zone are the most 
important variables affecting nitric oxide emissions. Relatively 
simple models of the flow in a gas turbine combustor, coupled with 
a rate equation for nitric oxide formation via the Zeldovich 
mechanism are shown to correlate the variation in measured NOx 
emissions. Data from a number of different combustor concepts 
are analyzed and shown to be in reasonable agreement with 
predictions. The NOx formation model is used to assess the extent 
to which an advanced combustor concept, the NASA swirl can, has 
produced a lean well-mixed primary zone generally believed to be 
the best low NOx emissions burner type. 
Flagan, R. C . ,  and Appleton, J. P., 11 A Stochastic Model of Turbulent Mixing 
with Chemical Reaction: Nitric Oxide Formation in a Plug-Flow Burner," M.I.T. 
Fluid Mech. Lab. Publ. 73-10 (19731, Combustion and Flame 23, 249-267 ( 1 9 7 4 ) .  
ABSTRACT: A stochastic model of turbulent mixing has been developed for 
a reactor in which mixing is represented by n-body fluid particle 
interactions (n = 2 , 3 ,  ... 6). 
the assumption (made in previous investigations of the role of 
turbulent mixing on burner generated thermal nitric oxide and 
carbon monoxide emissions) that for a simple plug flow reactor, 
composiltion nonunifornities can be described by a Gaussian 
distribution function in the local fue1:air equivalence ratio. 
Recent extensions of this stochastic model to include the 
combined effects of turbulent mixing and secondary air entrainment 
on thermal generation of nitric oxide in gas turbine combustors 
are discussed. Finally, rate limited upper and lower bounds of 
the nitric oxide produced by thermal fixation of molecular nitrogen 
and oxidation of organically bound fuel nitrogen are estimated 
on the basis of the stochastic model for a plug flow burner; these 
are compared with experimental measurements obtained using a 
laboratory burner operated over a wide range of test conditi-ons; 
good agreement is obtained. 
The model has been used to justify 
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Morr, A. R., and Heywood, J .  B., "A Partial Equilibrium Model for Predicting 
Carbon Monoxide ConceAtrations in Steady Flow Combustion Systems," M.I.T. Fluid 
Mech. Lab. Publ. No. 73-11 (1973), Acta Astronautica, Vol. 1, pp. 949-166 (1974). 
ABSTRACT: A simple kinetic model, based upon the concept of partial 
equilibrium, is developed for predicting carbon monoxide 
concentrations in such steady flow hydrocarbon-air combustion 
systems as gas turbine combustors. The only two kinetic 
constraints used in the model are (i) on the rate of change 
of the total number of gaseous particles in the system, and 
(ii) on the rate of change of the CO concentration. The 
accuracy of the model is verified by comparison with experimental 
results obtained by burning kerosene with air in a 130,000 Btu/hr 
atmospheric pressure steady flow burner. Burnt gas cooling 
rates of 10 K/sec, about the magnitude encountered in the dilution 
zone of gas turbine combustors, were obtained with a compact 
water-cooled heat exchanger. Good agreement between measured 
CO concentrations and the values predicted by the partial 




Morr, A.  R . ,  Heywood, J. B. and Fitch, A. H., "Measurements and Predictions of 
Carbon Monoxide Emissions from an Industrial Gas Turbine," Combustion, Science 
and Technology, Vol. 11, pp. 9 7 4 0 9 ,  1975. 
ABSTRACT: The gaseous emissions of carbon monoxide, nitric oxide and 
unburned hydrocarbons have been measured in the exhaust of a small 
industrial gas turbine engine. 
equilibrium approach, the mechanisms are studied for the entire 
turbine,power range. A simple model is formulated from these 
mechanisms which yields reasonable agreement with measured values 
and predicts the CO emissions variation with load. It is shown 
that excessive CO emissions are caused by the rapid quenching of 
primary zone combustion gas by the dilution air jets. 
jet interfaces, a fraction of the gas contains CO concentrations 
far above equilibrium. 
emissions is the poor fuel distribution in the primary zone. 
Where fuel burns with air at an equivalence ratio less than 0.6, 
some of the CO formed by rapid partial oxidation of the fuel 
remains throughout the engine. Minimum CO emission rates from 
the industrial gas turbine engine studied would be obtained by 
burning a uniform mixture of fuel and air in the primary zone at 
an equivalence ratio of 0.7. 
Using a rate limited partial 
At the 
A contributing factor to excessive CO 
Appleton, John P . ,  '"Soot Oxidation Kinetics at Combustion Temperatures," 
presented at the A G X D  Propulsion and Energetics Panel 41st Meeting, London, 
. -  Engiand, April 9-13,  i973. 
ABSTRACT: Comparisons between soot oxidation rate measurements obtained 
j.n laboratory flames and in a recent shock-tube investigation 
are made with previously reported measurements of the surface 
oxi-dation rate of bulk samples of pyrolytic graphite. On the 
basis of these comparisons it is concluded that the surface 
oxidation rate mechanisms for soot and pyrolytic graphite are' the 
same and that the rates are predicted by a semi-empirical expressi 
originally proposed by Nagle and Strickland-Constable for 
graphite oxidation, which expresses the specific surface oxidatior 
rate in terms of the surface temperature and the gas-phase partial 
pressure of oxygen. 
estimating soot oxidation rates which is suitable for use in 
engineering design and performance studies of most practical 
combustion systems, such as gas-turbine combustors. 
T h i s  expression provides a method of 
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Komiyama, K . ,  F l agan ,  K.C.  and Heywood, J . I S . ,  "The r n f l u e n c c  of 
1)roplct  Evapora t ion  on Fuel-Air Mixing l i n t c  i n  a Burner ,"  S i x t e e n t h  
Symposium ( I n t e r n a t i o n a l )  on Combristioii, pp .  549-560, August 16-20, 1976. 
ABSTRACT: The impor t ance  of d r o p l e t  e v a p o r a t i o n  i n  t h e  o v e r a l l  
f u e l - a i r  mixing p r o c e s s  i n  l i q u i d  f u e l  s p r a y  f l ames  i s  
examined w i t h  a ser ies  of expe r imen t s  i n  a s i m p l e  
a tmosphe r i c  p r e s s u r e  b u r n e r  b u r n i n g  a r ange  of hydrocarbon 
f u e l s .  
and p r e s s u r e  jet--which have s u b s t a n t i a l l y  d i f f e r e n t  
o p e r a t i n g  c h a r a c t e r i s t i c s .  F u e l - a i r  mixing ra tes  were 
determined from time-averaged oxygen c o n c e n t r a t i o n s .  
measured w i t h  o v e r a l l  b u r n e r  o p e r a t i o n  s t o i c h i o m e t r i c .  
T t  i s  shown t h a t  w i t h  a i r - a s s i s t  a t o m i z e r s ,  t h e  k i n e t i c  
energy of  t h e  a tomize r  j e t  d e t e r m i n e s  t h e  mixing r a t e  
i n t e n s i t y  f o r  b o t h  l i q u i d  and gaseous  f u e l s .  S i n c e  t h e  
d r o p l e t  e v a p o r a t i o n  time i s  much less t h a n  t h e  mixing t i m e ,  
tlie d e t a i l s  of t h e  e v a p o r a t i o n  p r o c e s s  are  not  i m p o r t a n t  
,ind t h e  je t  l e n g t h  s c a l e  and k i n e t i c  energy govern t h e  
mixirig p r o c e s s .  With p r e s s u r e  j e t  a t o m i z e r s ,  t h e  cha rac -  
t e r i s t i c  e v a p o r a t i o n  and mixing t imes a re  comparable.  
Tl ie  e v a p o r a t i n g  f u e l  d r o p s  c r e a t e  f u e l  vapor c o n c e n t r a t i o n  
n o n u n i f o r m i t i e s  on n s c a l e  much smaller t h a n  t h e  f u e l  j e t  
s c a l e .  Mixing r a t e  i n t e n s i t i e s  comparable t o  t h o s e  
o b t a i n e d  w i t h  a i r -ass is t  a t o m i z e r s  can,  t h e r e f o r e ,  be 
ach ieved  w i t h  much lower t u r b u l e n t  k i n e t i c  energy d i s s i p a -  
t i o n  r a t e s .  With p r e s s u r e  j e t  a t o m i z e r s ,  b o t h  t h e  k i n e t i c  
~ n e r g y  o f  t h e  f u e l  j e t  and t h e  e v a p o r a t i o n  c h a r a c t e r i s t i c s  
o f  t h c l  f-ur.1 d r o p l c > t s  r o n t r o l  t h e  i n i t i a l  f u e l - a i r  mixing 
r.1 t o .  
Two t y p e s  of f u e l  a t o m i z e r s  were s t u d i e d - - a i r - a s s i s t  
Y i k u s ,  ' r , ,  H t l v m o d ,  . J . N .  nrtd I I i r k s ,  R . E . ,  " N i t r i c  Oxide Formatjou i n  (:as 
'l'urb ine Engines:  A ' rheore t ica l  arid Expe r imen ta l  Study,"  NASA C o n t r a c t o r  
Report  2 9 1 7 ,  A p r i l  1978. 
ABSTKACT: The s c o p e  of  t h i s  r e p o r t  i s  t o  deve lop  a c a l c u l a t i o n a l  model 
f o r  t h e  fo rma t ion  of NOx i n  g a s  t u r b i n e  e n g i n e s .  T h i s  model 
i s  g e n e r a l  i n  n a t u r e  aitd should b e  a p p l i c a b l e  t o  a r ange  
I I ~  combustor c o n c e p t s  and  combustor g e o m e t r i e s ;  however, 
tlie examples and d i s c u s s i o n s  a r e  g e n e r a l l y  d i r e c t e d  toward 
a i r c r a f t  a p p l i c a t i o n s .  Emphasis i s  p l a c e d  011 t h e  a p p l i c a t i o n  
o f  t h i s  model t o  t h e  NASA swi r l - can  modular combustor,  and 
romparisoiis of modeling p r e d i c t i o n  w i t h  cxpc~rimeritril NOx d a t a  
a r e  now a v a i l a b l e .  Thr. rrhport also makes imincdiate use of 
p r e d i c t i o n s  g e n e r a t e d  liy this NOx modcl . Expc)rimentnl dnt, i  
'ire o b t a i n e d  t o  s u p p o r t  a s sumpt ions  and parameter  v < i l u e s  
used i n  t h P  model , so  t l iat  t h e  modcling p r e d i c t i o n s  may b c  
risctf vi t ti somt' c o n f  i dcnce .  
c 
2 3  
I t  Radhakrishrian, K . ,  Heywood, J . R .  and 'J'nbac.zynski, R . J . ,  Premixing 
Q u a l i t y  and F l a m e  S t a b i l i t y :  A T h e o r e t i c a l  and Exper imen ta l  Study,"  
C o n t r a c t o r  Report  NGR 22-009-378, NASA, 1979. 
ABSTRACT: Models f o r  p r e d i c t i n g  f l ame  i g n i t i o n  and blowout i n  a 
combustor pr imary zone a re  p r e s e n t e d .  A c o r r e l a t i o n  f o r  
t h e  blowoff v e l o c i t y  of premixed t u r b u l e n t  f l a m e s  i s  
developed u s i n g  t h e  b a s i c  q u a n t i t i e s  of  t u r b u l e n t  f l ow,  
and t h e  l amina r  f lame speed.  The c o r r e l a t i o n  f o r  blowoff 
v e l o c i t y  shows t h e  c o r r e c t  t r e n d s  f o r  v a r i a t i o n s  i n  equiva-  
l e n c e  r a t i o ,  f l ameho lde r  c h a r a c t e r i s t i c  s i z e ,  f r e e  stream 
t e m p e r a t u r e  and p r e s s u r e ,  and t u r b u l e n t  Reynolds number. 
A s t a t i s t i c a l  model employing 3 Monte C a r l o  c a l c u l a t i o n  
p rocedure  t o  f o l l o w  a chemical  r e a c t i o n  through t h e  c o u r s e  
of a mixing p r o c e s s  i s  developed t o  accoun t  f o r  n o n u n i f o r m i t i e s  
i n  a combustor pr imary zone. An o v e r a l l  k i n e t i c  r a t e  e q u a t i o n  
i s  used t o  d e s c r i b e  t h e  f u e l  o x i d a t i o n  p r o c e s s .  The model 
i s  used t o  p r e d i c t  t h e  lean i g n i t i o n  and blow-out l i m i t s  
of premixed t u r b u l e n t  f l ames ;  t h e  e f f e c t s  of m i x t u r e  
nonun i fo rmi ty  on t h e  lean i g n i t i o n  l i m i t  a re  exp lo red  u s i n g  
a n  assumed d i s t r i b u t i o n  of f u e l - a i r  r a t i o s .  The model 
p r e d i c t i o n s  of t he  f l a m m a b i l i t y  l i m i t s  show t h e  c o r r e c t  t r e n d s  
f o r  v a r i a t i o n s  i n  m i x t u r e  t e m p e r a t u r e ,  p r e s s u r e  and v e l o c i t y .  
With i n c r e a s e d  m i x t u r e  nonun i fo rmi ty ,  t h e  model p r e d i c t s  a 
s u b s t a n t i a l  r e d u c t i o n  i n  t h e  l e a n  i g n i t i o n  l i m i t .  The 
t r e n d s  i n  t h e  model p r e d i c t i o n s  a r e  v e r i f i e d  by expe r imen ta l  
work on an a tmospher i c  p r e s s u r e - c o n s t a n t  c r o s s - s e c t i o n a l  
a rea  t u b u l a r  comhustor.  Data on t h e  e f f e c t s  of v a r i a t i o n s  
i n  i n l e t  t e m p e r a t u r e ,  r e f e r e n c e  v e l o c i t y  and m i x t u r e  u n i f o r m i t y  
011 t h e  Lean i g n i t i o n  and blowout l i m i t s  o f  gaseous p ropane -a i r  
f l a m e s  a r e  p r e s e n t e d .  T h e  e x p e r i m e n t a l  work d e m o n s t r a t e s  
t h a t  nonuniformi t i e s  s i g n i f i c a n t l y  r educe  t h e  l e a n  i g n i t i o n  
and  blowout l i m i t s  ; however, nonunif ormi t i e s  sub s t a n t  i a l l  y 
i n c r e a s e  t h e  e m i s s i o n  l e v e l s  of n i t r o g e n  o x i d e s  f o r  l e a n  
m i x t u r e s .  
24 
Radhakrishnan,  Kr i shnan ;  Heywood, .lotin 13.  and l 'nbnczynski , Rodney J .  , 
"Blowoff V e l o c i t y  and T u r b u l e n t  Flame Speed C o r r e l a t i o n s  Based on 
Coherent  S t r u c t u r e s  i n  T u r b u l e n t  Flows," t o  b e  submi t t ed  t o  
Combustion and Flame, J u l y  1979. 
ABSTRACT: C o r r e l a t i o n s  f o r  t h e  blowoff v e l o c i t y  of premixed 
t u r b u l e n t  f l ames  s t a b i l i z e d  by b l u f f  b o d i e s  and 
f o r  t h e  t u r b u l e n t  f lame speed of premixed f l a m e s  are 
developed u s i n g  a mcdel f o r  cohe ren t  s t r u c t u r e s  i n  
tu rbu le r i t  f l ows .  The c o r r e l a t i o n  f o r  t h e  blowoff 
v e l o c i t y  shows t h e  c o r r e c t  t r e n d s  f o r  v a r i a t i o n s  i n  
e q u i v a l e n c e  r a t i o ,  f ree  stream p r e s s u r e  and tempera- 
t u r e ,  f l ameho lde r  c h a r a c t e r i s t i c  s i z e ,  and t u r b u l e n t  
Reynolds number. Good agreement w i t h  p u b l i s h e d  
e x p e r i m e n t a l  d a t a  i s  o b t a i n e d  € o r  b o t h  blowoff  
v e l o c i t y  and t u r b u l e n t  f lamespeed c o r r e l a t i o n s .  
Radhakrishrian, Krishnan and Heywood, ,John B . ,  " E f f e c t s  of Combustor 
I n l e t  Cond i t ions  on Flame S t a b i l i t y , "  t o  b e  submi t t ed  t o  Combustion 
S c i e n c e  and Technology, J u l y  1979. 
ABSTRACT: A model f o r  p r e d i c t i n g  f l a m e  i g n i t i o n  and blowout i n  a 
combustor p r imary  zone i s  p r e s e n t e d .  The model employs 
a Monte C a r l o  c a l c u l a t i o n  p rocedure  t o  f o l l o w  a chemica l  
r e a c t i o n  through a mixing p r o c e s s  t o  accoun t  f o r  composi- 
t i o n  n o n u n i f o r m i t i e s  i n  a combustor pr imary zone. The 
f u e l  o x i d a t i o n  p r o c e s s  i s  d e s c r i b e d  by a n  o v e r a l l  k i n e t i c  
r a t e  e q u a t i o n .  The model is used t o  p r e d i c t  t h e  l e a n  
i g n i t i o n  mid blowout l i m i t s  of premixed t u r b u l e n t  
f 1c imc.s ;  t h e  cf f e c t  of composi t ion nonun i fo rmi ty  011 t h e  
1 en11 i g u i  t ioii 1 i m i t  i s  cxp lo red  u s i n g  a11 assumed d i s t r i b u -  
I i o n  oC f u e l  f r a c t i o n s .  1'11~. v a r i a t i o n s  of t h e  p r e d i c t e d  l e a n  
1 imits w i t h  m i x t u r c  t empera tu re ,  p r e s s u r ( =  and v e l o c i t y  
;ompare f a v o r a b l y  w i t h  c>xperimentnl magni tudes and t r e n d s .  
W i t h  i n c r e a s e d  mix tu rc  nonun i fn rmi ty ,  t h e  model p r e d i c t s  
.I s u b s t a n t i a l  r e d u c t  ion i n  t h e  1c.ai1 i g n i t i o n  l i m i t .  
T h e  p r r d  i r t c d  t r e n d s  arc' v e r i f i e d  by experime!ital  work 
or1 a tmosphe r i c  p r e s s u r e ,  c o n s t a n t  c r o s s - s e c t i o n a l  a r c a  




i n l e t  t e m p e r a t u r e ,  r e f e r e n c e  v e l o c i t y  and m i x t u r e  uni- 
f o r m i t y  on t h e  l e a n  i g n i t i o n  and blowout l i m i t s  of 
gaseous p ropane -a i r  f l ames  a re  p r e s e n t e d .  The e x p e r i -  
men ta l  work d e m o n s t r a t e s  t h a t  n o n u n i f o r m i t i e s  s i g n i f i -  
c a n t l y  r educe  t h e  l e a n  i g n i t i o n  and blowout l i m i t s ;  
however, n o n u n i f o r m i t i e s  s u b s t a n t i a l l y  i n c r e a s e  t h e  
e m i s s i o n  l e v e l s  of n i t r o g e n  o x i d e s  f o r  l e a n  m i x t u r e s .  
F l agan ,  R.D. and O'Leary,  J . A . ,  " A p p l i c a t i o n  of a S t o c h a s t i c  Model 
t o  P r e d i c t i o n  of Carbon Monoxide and N i t r i c  Oxide Emissions from a 
Gas Turb ine  Combustor," NASA C o n t r a c t o r s  R e p o r t ,  1979. 
ABSTRACT: A Monte C a r l o  Method i s  developed t o  model NO and CO 
e m i s s i o n s  from g a s  t u r b i n e s .  The combustor i s  model led 
as a combinat ion of a p a r t i a l l y  s t i r r e d  t a n k  r e a c t o r ,  
r e p r e s e n t i n g  t h e  r e c i r c u l a t i o n  zone, and a n  i m p e r f e c t l y  
mixed plug-flow r e a c t o r  w i t h  mass a d d i t i o n ,  r e p r e s e n t i n g  
t h e  downstream d i l u t i o n  zone. T h i s  model i s  a p p l i e d  t o  
t h e  NASA s w i r l  can combustor u s i n g  f o u r  e m p i r i c a l l y  
determined pa rame te r s .  N i t r i c  o x i d e  e m i s s i o n s ,  ca l cu -  
l a t e d  u s i n g  t h e  extended Zeldovich mechanism and e q u i l i -  
brium f o r  t h e  H-C-O r e a c t i o n s ,  are  i n  good agreement 
w i t h  d a t a  f o r  two d i f f e r e n t  i n l e t  a i r  t e m p e r a t u r e s .  
Carbon monoxide e m i s s i o n s  are  c a l c u l a t e d  u s i n g  a 
p a r t i a l  e q u i l i b r i u m  model f o r  CO o x i d a t i o n .  These 
are  a l s o  i n  good agreement w i t h  e x p e r i m e n t a l  d a t a .  The 
computed NO e m i s s i o n s  d e c r e a s e  s u b s t a n t i a l l y  when t h e  
p a r t i a l  e q u i l i b r i u m  model i s  used.  F u r t h e r  development 
i s  r e q u i r e d  b e f o r e  t h e  model i s  s i t i t a b l e  f o r  t h e  
c a l c u l a t i o n  of s i m u l t a n e o u s  exo the rmic  and endothermic 
r e a c t i o n s .  
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Linden, Lawrence H . ,  "The P r o d u c t i o n  of S o l i d  Carbon i n  Gas T u r b i n e  
Combustors," MIT,  May 1970. 
ABSTRACT: I n  t h i s  t h e s i s  t h e  €undamental  p r o c e s s e s  d e t e r m i n i n g  t h e  
amount of smoke i n  t h e  exhaus t  of a g a s  t u r b i n e  e n g i n e  are 
examined. F i r s t ,  t h e  importance of t h e  problem i s  d i s c u s s e d ;  
i t  i s  s e e n  t h a t  t h e  problem is p r i m a r i l y  a n  a e s t h e t i c  one.  
I t  i s  t h e n  shown t h a t  no d r o p l e t  combustion of t h e  c lass ical  
( s p h e r i c a l  f lame) t y p e  can t a k e  p l a c e .  T h i s  f o l l o w s  from 
a c o n s i d e r a t i o n  of t h e  c h a r a c t e r i s t i c  t i m e s  of t h e  d e c e l e r a -  
t i o n  and t h e  e v a p o r a t i o n  p r o c e s s e s ;  t h e  e x i s t e n c e  of 
r e g i o n s  of f u e l - r i c h  combustion i n  t h e  p r imary  zone is  a 
consequence. A one-dimensional model f o r  t h e  secondary  
zone i s  t h e n  d i s c u s s e d .  
From c o n s i d e r a t i o n  of  t h e  d a t a  on t h e  smoke o u t p u t  of 
l a b o r a t o r y  f l ames ,  i t  i s  s e e n  t h a t  t h e  most impor t an t  
v a r i a b l e s  a f f e c t i n g  combustor smoke emiss ion  l e v e l  shou ld  
b e  p r e s s u r e ,  pr imary zone e q u i v a l e n c e  r a t i o ,  and t h e  d e t a i l s  
of how t h e  a i r  i s  channeled i n t o  t h e  combustor.  T h i s  i s  
confirmed i n  a r ev iew of combustor and e n g i n e  t e s t s ,  and 
t h e  "fixes" used by eng ine  m a n u f a c t u r e r s  t o  e l i m i n a t e  
exhaus t  smoke. 
I t  i s  then  shown t h a t  t h e  d a t a  a v a i l a b l e  on  ca rbon  o x i d a t i o n  
r a t e s  does n o t  l i e  i n  t h e  r e g i o n  o i  i n t e r e s t  f o r  g a s  t u r b i n e  
combustors.  C a l c u l a t i o n s  based on e x t r a p o l a t i o n s  of t h i s  
d a t a ,  however, a re  s e e n  t o  imply t h a t  s o o t  p a r t i c l e  oxida-  
t i o n  may p l a y  a n  impor t an t  r o l e  i n  d e t e r m i n i n g  smoke 
exhaus t  l e v e l .  T t  i s  a l s o  shown t h a t  p a r t i c l e  c o a g u l a t i o n  
may be impor t an t  i n  t h e  secondary zone.  
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Bainbr idge ,  G . D . ,  I t  Model Experiments  o f  J e t  A i r c r a f t  Exhaust  Plumes," 
MIT, May 1971. 
ABSTKACT: A model of t h e  growth and r i s e  of a j e t  a i r c r a f t  exhaus t  
plume i s  p r e s e n t e d  and comparisons t o  an ax isymmetr ic  
wake and R buoyant  smokestack p l u m e  a r e  made. A 
d imens iona l  a n a l y s i s  of  t h e  govern ing  e q u a t i o n s  i s  
made and t h e  a p p r o p r i a t e  s c a l i n g  l e n g t h s  p r e s e n t e d .  
Exper iments  based  on t h i s  model were conducted w i t h  
h e a t e d  a i r  plumes i n  a low speed wind t u n n e l .  The 
e x p e r i m e n t a l  measurements of t h e  plume growth and 
r i s e  were compared w i t h  t h e  growth and r ise of a 
model smokestack plume and t h e  growth of a n  nxisymme- 
t r i c  wake. The expe r imen t s  demonst ra ted  t h e  v a l i d i t y  
of t h e  t h e o r e t i c a l  model. 
O'Leary,  J.  A . ,  I '  Model f o r  P r e d i c t i n g  Nitr ic  Oxide and Carbon Monoxide 
Emiss ions  from Gas Turb ine  Combustors," M.I .T .  S.M. T h e s i s ,  J anua ry  1975.  
ABSTRACT: Composi t ion non-un i fo rmi t i e s  and mixing p l a y  a n  i m p o r t a n t  role 
i n  d e t e r m i n i n g  t h e  e m i s s i o n s  of ca rbon  monoxide and n i t r i c  o x i d e  
from g a s  t u r b i n e  combustors .  A model i s  developed  t o  p r e d i c t  
t h e s e  e m i s s i o n s  which u s e s  a s t o c h a s t i c  mixing model t o  s i m u l a t e  
t h e  t u r b u l e n t  mixing p r o c e s s .  C a l c u l a t i o n s  are performed f o r  
t h e  NASA s w i r l  can  combustor ,  mode l l ing  t h e  r e c i r c u l a t i o n  zone 
as a s t o c h a s t i c a l l y  mixed, p a r t i a l l y  s t i r r e d  r e a c t o r .  The 
secondary  zone o f  t h e  combustor  i s  model led  as a s t o c h a s t i c a l l y  
mixed p lug  f low combustor w i t h  a i r  e n t r a i n m e n t .  The f i n i t e  ra te  
chemis t ry  is  model led u s i n g  t h e  r a t e - c o n s t r a i n e d ,  p a r t i a l  e q u i l i -  
br ium method w i t h  c o n s t r a i n t s  on t h e  carbon d i o x i d e  and n i t r i c  
o x i d e  c o n c e n t r a t i o n s  and on t h e  number o f  moles  p e r  u n i t  mass 
i n  t h e  sys tem.  
de te rmined  emiss ion  l e v e l s  of CO and NO. 
Model p r e d i c t i o n s  are compared wi th  e x p e r i m e n t a l l y  
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Overcamp, Thomas J., " D i s p e r s i o n  of t h e  Exhaust of a S u p e r s o n i c  T r a n s p o r t , "  
N I T ,  September 1972.  
ABSTRACT: A t h e o r e t i c a l  model i s  p r e s e n t e d  t h a t  d e s c r i b e s  t h e  e a r l y  4 
t i m e  h i s t o r y  of t h e  wake of a n  a i r c r a f t .  T h i s  t h e o r y  
shows t h a t  f a r  downstream of t h e  a i r c a r f t ,  buoyancy domina te s  
t h e  growth of t h e  wake .  For  a s u p e r s o n i c  t r a n s p o r t  f l y i n g  
i n  t h e  s t r a t o s p h e r e ,  t h e  s t a b l e  s t r a t i f i c a t i o n  w i l l  l i m i t  
t h e  growth of t h e  wake. Data of t h e  v i s i b l e  wid th  of t h e  
wake from l a b o r a t o r y  expe r imen t s  i n  a towing t a n k  and from 
s t u d i e s  on t h e  growth of c o n t r a i l s  from s u b s o n i c  a i r c r a f t  
v e r i f y  t h e  model f o r  a n e u t r a l  a tmosphere.  The model i s  
developed t o  show t h a t  t h e  e x h a u s t  g a s e s  of a s u p e r s o n i c  
t r a n s p o r t  can  s i n k  due t o  d i f f e r e n t i a l  r a d i a t i v e  c o o l i n g  
caused by t h e  h i g h  c o n c e n t r a t i o n  of  water vapor  and t h e  
lower c o n c e n t r a t i o n  of ozone i n  t h e  wake. E s t i m a t e s  of 
t h e  r a t e  of subs idence  a rc  g i v e n  f o r  a i r c r a f t  f l y i n g  
between 16 and 27  km. 
F lagan ,  Richard C . ,  "The Formation of N i t r i c  Oxide from Organic  
S i t r o g e n  Contained i n  F o s s i l  F u e l s , "  PIT?', May 1973.  
ABSTMCT: Experiments ,  c a r r i e d  o u t  i n  an a tmosphe r i c  p r e s s u r e  o i l -  
f i r e d  b u r n e r ,  which were des igned  t o  i n v e s t i g a t e  t h e  
f o r m a t i o n  of n i t r i c  o x i d e  from o r g a n i c  n i t r o g e n  c o n t a i n e d  
i n  f o s s i l  f u e l s  show t h a t  t u r b u l e n t  mixing s i g n i f i c a n t l y  
a f f e c t s  t h e  NO e m i s s i o n s .  I n  combustion c h a r a c t e r i z e d  by 
poor i n i t i a l  f u e 1 : a i r  mixing,  t h e  e x h a u s t  NO c o n c e n t r a t i o n  
i s  much less  t h a n  t h a t  observed i n  a f l o w  of more uniform 
composi t ion.  A k i n e t i c  model f o r  t h e  c o n v e r s i o n  p r o c e s s  
i s  deduced from t h e  r e s u l t s  of premixed f lame expe r imen t s .  
The i n t e r a c t i o n  of rhcmica l  k i n e t i c s  and t u r b u l e n t  mixing 
i s  e x p l o r e d ,  and a s t a t i s t i c a l  c o l l i s i o n  model f o r  t h e  
i n t c r a c  t i o n  i s  dcvt.1opc.d. The k i n e t i c  model i s  i n c o r p o r n t c d  
i n t o  a s imple  model d c s c r i h i n g  t h e  f l o w  n o n u n i f o r m i t i t > s  
i n  t h e  b u r n e r  and i s  shown t o  p r e d i c t  t h c  observed NO 
e m i s  s i ons .  
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Morr, Alan Ray, "A Model f o r  Carbon Monoxide Emiss ions  from ad I n d u s t r i a l  
Gas Turb ine  Engine , ' I  MIT, March 1973. 
ABSTRACT: A k i n e t i c  model i s  developed  f o r  p r e d i c t i n g  carbon monoxide 
c o n c e n t r a t i o n s  i n  s t e a d y  f low hydrocarbon-a i r  combust ion 
sys tems.  The accu racy  of t h i s  model, which i s  based  
upon t h e  concept  of p a r t i a l  e q u i l i b r i u m ,  i s  v e r i f i e d  by 
e x p e r i m e n t a l  r e s u l t s  o b t a i n e d  by b u r n i n g  ke rosene  w i t h  
a i r  i n  an  a tmosphe r i c  p r e s s u r e  s t e a d y  f low burne r .  The 
b u r n t  g a s  c o o l i n g  ra te  ach ieved  i n  t h e  b u r n e r  by means 
o f  a water coo led  h e a t  exchanger  i s  lo6"  Kelv in /second,  
abou t  t h e  same as encoun te red  i n  gas  t u r b i n e  combustors .  
Agreement between t h e o r y  and exper iment  i s  good. 
I n  o r d e r  t o  p r o v i d e  a framework f o r  a n a l y t i c a l  mode l l ing ,  
e x p e r i m e n t a l  measurements w e r e  t a k e n  from a n  i n d u s t r i a l  
gas  t u r b i n e  eng ine .  A complete  exhaus t  gas  a n a l y s i s  w a s  
performed w h i l e  t h e  eng ine  w a s  o p e r a t e d  a t  c o n t r o l l e d  
power l e v e l s .  The gaseous emis s ions  of  carbon monoxide, 
unburned hydrocarbons ,  n i t r i c  ox ide  and oxygen were 
measured, as were several eng ine  o p e r a t i n g  v a r i a b l e s .  
The mechanisms r e s p o n s i b l e  f o r  u n d e s i r a b l y  h i g h  ca rbon  
monoxide e m i s s i o n s  a re  i d e n t i f i e d  and g iven  a q u a n t i t a t i v e  
d e s c r i p t i o n .  These mechanisms are fo rmula t ed  i n t o  a model 
f o r  p r e d i c t i n g  ca rbon  monoxide e m i s s i o n s  from gas  t u r b i n e  
e n g i n e s  g i v i n g  r e a s o n a b l e  agreement  w i t h  e x p e r i m e n t a l  
r e s u l t s .  The t r e n d  toward h i g h e r  CO emis s ions  a t  lower 
power l e v e l s  i s  s u c c e s s f u l l y  p r e d i c t e d .  
Excess ive  carbon monoxide e m i s s i o n s  a re  i n  p a r t  caused 
b y  r a p i d  quenching of t h e  pr imary zone coinbustion gas  by 
t h e  d i l u t i o n  a i r  je ts .  These. j e t s  f r e e z e  a f r a c t i o n  of  
t h e  gas  a t  CO c o n c e n t r a t i o n s  f a r  above e q u i l i b r i u m  v a l u e s .  
Excess ive  e m i s s i o n s  are  a l s o  caused  by poor  f u e l  d i s t r i b u -  
t i o n  i n  t h e  pr imary  zone. I n  e d d i e s  which b u r n  f u e l  
l e a n ,  ( e q u i v a l e n c e  r a t i o  lcss t h a n  0 . 6 ) ,  t h e  ca rbon  
monoxide o x i d a t i o n  k i n e t i c s  are  s u f f i c i e n t l y  s low t h a t  
most of  t h e  carbon monoxide formed by t h e  r a p i d  p a r t i a l  
o x i d a t i o n  o f  t h e  f u e l  remains  i n  t h a t  form throughout  
t h e  eng ine .  Based upon t h e s e  f i n d i n g s ,  t h e  optimum 
o p e r a t i n g  c o n d i t i o n  f o r  minimiz ing  CO emis s ions  from t h e  
i n d u s t r i a l  gas  t u r b i n e  eng ine  s t u d i e d  i s  a uni form mix tu re  
of  f u e l  and a i r  i n  t h e  pr imary  zone a t  a n  e q u i v a l e n c e  
r a t i o  of  0 .7 .  T h i s  c o n d i t i o n  shou ld  be  ma in ta ined  c o n s t a n t  
f o r  all t u r b i n e  power l e v e l s  i n  o r d e r  t o  a c h i e v e  minimum 
carbon monoxide emis s ions .  
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Mikus, Thomas , "Nitric Oxide Formation in  Cas Turbine Engines: A Thcor- 
etical and Experimental Study," MIT, November 1975. 
ABSTRACT: A model for predicting NOx emissions from gas turbine 
combustors is presented. A modified Zeldovich kinetic 
scheme is described for the prediction of nitric oxide 
formation in the burned gases. Statistical means of 4 
accounting for nonuniformities in fuel-air ratio are set 
forth. A primary zone treatment based upon an assumed 
distribution of fuel-air ratios is used. This is followed 
by one or more dilution zones in which a Monte Carlo 
calculation is employed to follow the mixing and dilution 
processes. 
Predictions of NOx emissions are compared with various 
available experimental data, and quite satisfactory agreement 
is achieved. In particular, the model is applied to the 
NASA swirl-can modular combustor. The operating 
characteristics of this combustor which can be inferred 
from the modeling predictions are described. Parametric 
studies are presented which examine the influence of the 
modeling parameters on the NOx emission level as well 
as its pressure dependency. 
Calculations which support various assumptions and parameter 
values used in the NOx model as applied to the NASA 
combustor are described. Streamline calculations adapted 
from an existing computer program show a recirculation 
zone 1.8 module diameters long. Fuel droplet formation and 
evaporation calculations indicate an evaporation distance 
shorter than 0.1 module diameter. 
Experimental work is reported further verifying this modeling 
application. A series of flow visualization experiments 
including stroboscopic, time-exposure, high-speed motion 
picture, forward-scatter lighting, shadowgraph, smoke, 
water, and helium-filled soap bubble techniques, demon- 
strates the fuel droplet breakup and turbulent recircula- 
tion processes. A nonburning tracer experiment quantitativcly 
follows the jets from the swirler as they move downstream and 
entrain surrounding gases. Techniques are developed for 
calculating both fuel-air ratio and degrc3e o f  nonuniformity 
from imperfect measurements of (202, C O Y  0 2 ,  and hydrocarbons. 
A burning experiment makes use of these techniques to map 
out the flow field in terms of local equivalence ratio 
and mixture nonuniformity. 
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Komiyama, Kunihiko,  "The E f f e c t s  of  Fue l  I n j e c t o r  C h a r a c t e r i s t i c s  on 
. 
Fuel-Air Mixing i n  a Burner ,"  MIT, J anua ry  1975. 
ABSTRACT: The f u e l  i n j e c t e d  i n  t h e  combustor does  n o t  comple t e ly  mix 
w i t h  t h e  a i r  t o  form unburnt  o r  b u r n t  g a s e s  of  un i form 
composi t ion  o r  t empera tu re .  These n o n u n i f o r m i t i e s ,  which 
r e s u l t  from t h e  d e t a i l e d  p r o c e s s  of  f u e l  a t o m i z a t i o n ,  
f u e l  d r o p l e t  t r a j e c t o r i e s ,  f u e l  d r o p l e t  v a p o r i z a t i o n ,  
f u e l - a i r  mixing,  r e c i r c u l a t i o n ,  have  impor t an t  e f f e c t s  on 
combustor c h a r a c t e r i s t i c s  such as e m i s s i o n s  of  p o l l u t a n t s ,  
combust ion e f f i c i e n c y ,  f lame s t a b i l i t y ,  h e a t  t r a n s f e r  
from t h e  combust ion zone. I n  t h e  p r e s e n t  r e s e a r c h ,  t h e  
f u e l - a i r  mixing and combust ion i n  a s imple  c y l i n d r i c a l  
combustor w i t h  air-assist  a t o m i z e r s  and p r e s s u r e  j e t  
a t o m i z e r s ,  which can  be approximated as a p l u g  f low 
combustor ,  was s t u d i e d .  
With a n  air-assist  a t o m i z e r ,  t h e  a t o m i z e r  j e t  k i n e t i c  
energy  i s  t h e  pr imary  s o u r c e  f o r  t h e  t u r b u l e n t  k i n e t i c  
energy  which is  d i s s i p a t e d  i n  t h e  t u r b u l e n t  f u e l - a i r  
mixing p rocess .  The pr imary  a i r  s w i r l  p r o v i d e s  f o r  more 
e f f i c i e n t  k i n e t i c  energy  t r a n s f e r  from t h e  mean t o  t h e  
t u r b u l e n t  f low;  t h u s  a h i g h e r  t u r b u l e n c e  k i n e t i c  energy  
d i s s i p a t i o n  r a t e  r e s u l t s  w i t h  h i g h e r  s w i r l  f o r  t h e  same 
i n p u t  j e t  k i n e t i c  energy .  
I n  t h e  t u r b u l e n t  mixing of  gaseous  f u e l  j e t  w i t h  a i r ,  t h e  
l e n g t h  scale whi.ch de t e rmines  t h e  t i m e  scale  o f  mixing 
i s  a n  i n t e g r a l  scale ( i . e .  combustor d i a m e t e r ) ;  hence  t h e  
mixing i n t e n s i t y  i s  de termined  by t h e  energy  d i s s i p a t i o n  
r a t e  and t h e  i n t e g r a l  scale .  A l l  t h e s e  r e s u l t s  can  b e  
c o r r e l a t e d  with t h e  r e l a t i o n s h i p :  
developed from t h e  t u r b u l e n c e  t h e o r y ,  dhe re  13 i s  t h e  t u r h d e n t  
mixing i n t e n s i t y ,  P .  t h e  a t o m i z e r  j e t  k i n e t i c  ene rgy ,  N t h e  
t o t a l  mass f o r  t h e  mixing,  D t h e  combustor d i a m e t e r ,  and 
C i s  a c o n s t a n t  of  o r d e r  1 r e p r e s e n t i n g  t h e  e f f i c i e n c y  of  
t r a n s f e r  of k i n e t i c  energy  t o  t u r b u l e n t  f low which v a r i e s  
w i t h  pr imary  a i r  s w i r l .  
E 
I n  t h e  combust ion of a l i q u i d  f u e l ,  t h e  l e n g t h  scale  which 
de te rmines  t h e  mixing r a t e  i n t e n s i t y  depends on t h e  rela- 
t i o n s h i p  of  t h e  c h a r a c t e r i s t i c  e v a p o r a t i o n  t i m e  and t h e  
mixing t i m e ,  and t h e  re la t ive  v e l o c i t y  of t h e  drop  compared 
w i t h  t h e  c r i t i c a l  v e l o c i t y  above which a d r o p l e t  envelope  
flame i s  u n s t a b l e .  Two s i t u a t i o n s  were ana lyzed .  
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(a) For t h e  air-assist  a t o m i z e r s ,  t h e  e v a p o r a t i o n  t i m e  
w a s  less than  t h e  mixing t ime,  and t h e  r e l a t i v e  v e l o c i t y  
g r e a t e r  t h a n  t h e  c r i t i c a l  v e l o c i t y .  Thus t h e  l e n g t h  s c a l e  
which de te rmines  t h e  mixing r a t e  i n t e n s i t y  i s  a g a i n  t h e  
i n t e g r a l  s c a l e  and t h e  r e s u l t s  are s imi l a r  t o  t h e  gaseous  
f u e l  s i t u a t i o n s .  
(b )  For t h e  p r e s s u r e  j e t  a t o m i z e r s ,  t h e  e v a p o r a t i o n  t i m e  
w a s  comparable t o  t h e  mixing t i m e ,  and t h e  r e l a t i v e  
v e l o c i t y  lower than  t h e  c r i t i c a l  v e l o c i t y .  Thus t h e  l e n g t h  
s c a l e  which de te rmines  t h e  mixing ra te  i n t e n s i t y  i s  t h e  
d r o p l e t  l e n g t h  s c a l e  and 
where R i s  t h e  d r o p l e t  l e n g t h  s c a l e .  d 
3 3  
Radhakrishnan, Krishnan, "Premixing Quality and Flame Stability: A 
Theoretical and Experimental Study," MIT, October 1978. 
ABSTRACT: Models for predicting flame ignition and blowout in a 
combustor recirculation zone are presented. A correlation 
for the blowoff velocity of premixed turbulent flames is 
developed using the basic quantities of  turbulent flow, 
and the laminar flame speed. The correlation for blowoff 
velocity shows the correct trends for variations in 
equivalence ratio, flameholder characteristic size, free 
stream temperature and pressure, and turbulent Reynolds 
number . 
A statistical model employing a Monte Carlo calculation to 
follow the mixing process is developed to account for 
nonuniformities in a combustor primary zone. An overall 
kinetic rate equation is used to describe the fuel oxidation 
process. The model is used to predict the lean ignition and 
blowout limits of premixed turbulent flames; the effects 
of mixture nonuniformity on the lean ignition limit are 
explored using an assumed distribution of fuel-air 
ratios. The model predictions of the flammability limits 
show the correct trends for variations in mixture tempera- 
ture, pressure and velocity. With increased mixture 
nonuniformity, the model predicts a substantial reduction 
in the lean ignition limit. 
The trends in the model predictions are verified by experi- 
mental work on a constant cross-sectional area tubular 
combustor. Effects of inlet temperature, reference 
velocity and mixture uniformity on the lean ignition and 
blowout limits of gaseous propane-air mixtures are presented. 
T h e  experimental work demonstrates that nonuniformities 
significantly reduce the lean ignition and blowout limits; 
however, nonuniformities substantially increase the 
emission levels of nitrogen oxides for lean mixtures. 
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B ig io ,  David I., "Fue l /Ai r  Mixing C h a r a c t e r i s t i c s  o f  Commerical F u e l  
Atomizers  i n  a Combustor," NIT ,  September 1978. 
ABSTRACT: W e  have t e s t e d  d i f f e r e n t  commerc ia l ly -ava i l ab le  f u e l  
a t o m i z e r s  i n  a s w i r l  can  combustor and have  g e n e r a t e d  a 
d a t a  b a s e  o f  combust ion p r o d u c t s  and p r e v a l e n t  pa rame te r s .  
The purpose  i s  t o  g i v e  a d e t a i l e d  mapping of t h e  n a t u r e  of  
t h e  combust ion f i e l d  f o r  each a tomize r  and t o  compare 
t h e  r o l e  t h e  a t o m i z e r s  have on t h e  i n i t i a l  f u e l / a i r  
mix ing  p r o c e s s .  
W e  have  i d e n t i f i e d  s p a t i a l  e q u i v a l e n c e  r a t i o  non-uniformi- 
t i e s  which p e r s i s t e d  f a r  downstream i n  t h e  combustor.  We 
b e l i e v e  t h a t  t h e  hardware  ups t ream of t h e  swir le r  c a u s e s  
aerodynamic wakes o r  d i s t u r b a n c e s  which are  t r a n s m i t t e d  
through t h e  swirlers. The combustion p r o c e s s  m a g n i f i e s  
these d i s t u r b a n c e s ,  due t o  t h e  s w i r l i n g  f low.  The  u p s t r e a m  
c o n f i g u r a t i o n  was r edes igned  and,  i n  ou r  subsequen t  tes ts ,  
w e  found t h a t  t h e  n o n u n i f o r m i t i e s  i n  e q u i v a l e n c e  r a t i o s  
were e l i m i n a t e d .  However, i n  a r e a s  where t h e  e q u i v a l e n c e  
r a t i o  is  uniform,  c o n t o u r s  of  t h e  combust ion p r o d u c t s  
(e .g .  ca rbon  monoxide, unburned hydrocarbons)  may n o t  b e  
uniform.  
Four commer ica l ly -ava i l ab le  a t o m i z e r s  were t e s t e d  i n  a 
combustor :  Delevan 30609-11 air-assist  a t o m i z e r ,  Delevan 
GPH-70°A ho l low cone p r e s s u r e  i n j e c t o r ,  Delevan GPH-7O0B 
s o l i d  cone p r e s s u r e  i n j e c t o r ,  and Sonicore  052H. Samples 
of t h e  combust ion p r o d u c t s  were t a k e n  u s i n g  a water -cooled  
probe .  These samples  were t aken  a t  t h r e e  a x i a l  l o c a t i o n s ,  
Z/D = 1 .0 ,  2.0, and 4.0 i n  a d e t a i l e d  g r i d  so  as t o  b e  
a b l e  t o  d e s c r i b e  t h e  n a t u r e  o f  t h e  f i e l d  a t  each  c r o s s -  
s e c t i o n .  P r o f i l e s  were drawn of  t h e  combust ion p r o d u c t s ,  
e q u i v a l e n c e  r a t i o ,  combust ion e f f i c i e n c y ,  and a t u r b u l e n c e  
"mixing" parameter .  
p r imary  a i r  f l ow rate ,  and i n j e c t o r  a i r  f low rate ,  where 
a p p l i c a b l e ,  were used t o  c a l c u l a t e  t h e  Reynolds  number, 
s w i r l  number, and j e t  momenta w i t h i n  t h e  f l o w  s o  as t o  
c h a r a c t e r i z e  t h e  f l u i d  dynamics of t h e  j e t / e n v i r o n m e n t  
r e l a t i o n s h i p .  The t u r b u l e n t  mixing parameter  s i s  a 
powerful  t o o l  i n  c h a r a c t e r i z i n g  t h e  performance of a com- 
b u s t i o n  svs tem and i s  R most s e n s i t i v e  measure t o  t h e  
n a t u r e  of  t h c  mix ing  of t h c  f low.  
Magnitudes of t h e  f u e l  f l ow r a t e ,  
. 
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C h i g i e r ,  X.A. ,  A .  Ungut and S .  Atakan, " P a r t i c l e  S i z e  ?feasi i renext  
' i  
5 y  L a s e r  An.?noinetry," I n t e r n a l  Repor t ,  Department of  F u e l  Technology 
and Chemical Eng inee r ing ,  U n i v e r s i t y  of  S h e f f i e l d ,  November 1975. 
ABSTRACT: A laser anemometer system h a s  been  used i n  o r d e r  
t o  examine t h e  p o s s i b i l i t y  of  measuring p a r t i c l e  
s i z e .  The a m p l i t u d e  of  s c a t t e r e d  l i g h t  h a s  been 
measured as a f u n c t i o n  of  p a r t i c l e  d i a m e t e r .  The 
beam i n t e r s e c t i o a  a n g l e  and s c a t t e r i n g  a n g l e s  have 
been  v a r i e d  as well  as t h e  traverse p o s i t i o n  
th rough  t h e  c o n t r o l  volume. Glass f i b r e s  w e r e  
a t t a c h e d  t o  a r o t a t i n g  d i s c  s o  t h a t  c y l i n d e r s  of  
g l a s s  were t r a v e r s e d  a t  known v e l o c i t y  and c y l i n d e r  
d i a m e t e r  through w e l l  d e f i n e d  p o s i t i o n s  i n  t h e  
c o n t r o l  volume. The concep t  of  v i s i b i l i t y  w a s  found 
t o  be  u n a c c e p t a b l e  s i n c e  f o r  t h e  s i z e  range i n v e s t i -  
g a t e d  t h e r e  w a s  no s i g n i f i c a n t  d.c.  v o l t a g e .  For  
c e r t a i n  f i x e d  v a l u e s  of  beam i n t e r s e c t i o n  a n g l e ,  
0 = 5.532', and s c a t t e r i n g  a n g l e  4 = 0.152O, a n  
a lmos t  l i n e a r  r e l a t i o n s i p  w a s  found between s i g n a l  
a n p l i t u d e  and p a r t i c l e  d i a m e t e r  i n  t h e  r ange  
80 - 500 Um. The t r a v e r s e  p o s i t i o n  of t h e  p a r t i c l e  
t h rough  t h e  c o n t r o l  volume w a s  found t o  b e  a s i g n i -  
f i c a n t  pa rame te r  w i t h  maximum a m p l i t u d e  measured 
when t h e  p a r t i c l e  t r a v e r s e d  th rough  t h e  c e n t r e  of  t h e  
c o n t r o l  volume. S i g n a l  ampl i tude  can be  used as a 
measure of p a r t i c l e  s i z e  p rov ided  t h a t  a s e p a r a t e  
i n d i c a t i o n  can be  g iven  of t h e  l o c a t i o n  of t h e  t r a v e r s e  
p o s i t i o n  through t h e  control .  volume. The number of 
f r i n g e s  c r o s s e d  o r  number of Doppler c y c l e s  cou ld  b e  
used as a n  i n d i c a t i o n  of t h e  t r a v e r s e  p o s i t i o n .  
C h i g i e r ,  N . A . ,  "Laser V e l o c i m e t r y  f o r  Combustion Measiirements i n  
J e t  P r o p u l s i o n  S v s  terns , ' I  P r o j e c t  Squid Workshop P r o c e e d i n g s ,  Purdue 
U n i v e r s i t y ,  pp. 6 4 - 8 4 ,  1 9 7 6 .  
ASSTRACT: Laser Velocimetry is  examined as a means of making 
v e l o c i t y  measurements i n  g a s  t u r b i n e  c o n b u s t i o n  
chambers. Problems a s s o c i a t e d  w i t h  maki.ng measure- 
ments i n  a h i g h  t e n p e r a t u r e  r a d i a t i n g  environment ,  
l a d e n  w i t h  s o l i d  and l i q u i d  p a r t i c l e s ,  i s  d i s c u s s e d ;  
a l s o ,  t h e  s p e c i a l  problems a s s o c i a t e d  w i t h  o p t i c a l l y  
c l e a r  viewing windows i n  h i g h  t e m p e r a t u r e  and h i g h  
p r e s s u r e  combustors .  Experiments  a t  t h e  U n i v e r s i t y  
of S h e f f i e l d  are  d e s c r i b e d .  
Thompson, D . ,  N.A.  C h i g i e r  and 1. Virice, "The E f f e c t  of Temperature  
F l u c t u a t i o n s  on N i t r i c  Oxide Formation," 2nd European Symposium on 
Combustion, O r l e a n s ,  F rance ,  303-308, September 1975. 
ABSTRACT: S p a t i a l  inhomogeneity i n  f l ames  and p o s t  f l ame  
g a s e s ,  which i s  r e g u l a r l y  observed as l o c a l  tempera- 
t u r e  f l u c t u a t i o n s  is  d i s c u s s e d  i n  t h e  l i g h  of r e c e n t  
developments i n  t h e  d e s c r i p t i o n  of f l u i d  mixing. A 
d e s c r i p t i o n  of t h e  f l a m e  i t s e l f  i s  deve loped ,  and com- 
b i n e d  w i t h  t h e  known c h a r a c t e r i s t i c s  of n i t r i c  o x i d e  
f o r m a t i o n ,  t o  o b t a i n  a model of  n i t r i c  o x i d e  f o r m a t i o n  
i n  t h e  f lame-region.  I t  is  concluded t h a t  prompt NO 
f o r m a t i o n  i s  dominant,  and t h e  fo rma t ion  ra te  i n  t h e  
f lame i s  n o t  s i g n i f i c a n t l y  a f f e c t e d  by t e m p e r a t u r e  
f l u c t u a t i o n s .  I n  t h e  p o s t  f lame r e g i o n ,  t h e  Ze ldov ich  
mechanism i s  dominant,  and t h e  fo rma t ion  of n i t r i c  
o x i d e  is i s  s i g n i f i c a n t l y  a f f e c t e d  by t e m p e r a t u r e  f l u c -  
t u a t i o n s .  The r a t e  may be  g r e a t e r  t h a n  t h a t  p r e d i c t e d  
under t h e  assumption t h a t  0 and 02 are  e q u i l i b r a t e d ,  
due t o  d i f f u s i o n a l  t r a n s f e r  of  H 7  between h i g h  and low 
t empera tu re  r e g i o n s ,  and consequent  changes i n  r a d i c a l  
concentrations. 
N i t r i c  o x i d e  c o n c e n t r a t i o n s  d i s t r i b u t i o n s  observed i n  
t h r e e  e x p e r i m e n t a l  combustors a r e  compared w i t h  t h e s e  
p r e d i c t e d  from t h e  model d e r i v e d ,  and found t o  b e  i n  
g e n e r a l  agreement ,  
C h i g i e r ,  N . A . ,  "Comhustion Diagnost i r s  b y  Lase r  Ve loc ime t rv , "  ATAA 
1 4 t h  Aerospace S c i e n c e s  Meeting, Washington, D . C . ,  J anua ry  1976.  
ABSTRACT: T h i s  pape r  examines t h e  p r e s e n t  s t a t e - o f - t h e - a r t  
of laser  v e l o c i m e t r y  and summarizes t h e  p r i n c i p a l  
c o n c l u s i o n s  t h a t  have been  o b t a i n e d  i n  e x p e r i m e n t a l  
s t u d i e s  u s i n g  laser  v e l o c i m e t r y  i n  combust ion sys t ems .  
A c r i t i c a l  examina t ion  i s  made of  t h e  v a r i o u s  
p o s s i b l e  a l t e r n a t i v e  sys t ems ,  t o g e t h e r  w i t h  a n  
examina t ion  of c u r r c n t  problems and t h e  a t t e m p t s  
b e i n g  made t o  s o l v e  them. Recommendations are  made 
as t o  tlie most s u i t a b l e  system t o  b e  used a t  p r e s e n t  
f o r  g a s  t u r b i n e  and j e t  p r o p u l s i o n  s t u d i e s  and 
ind i c . : i [  ioi: i:, givrin o f  possih Le ! 'u t  {ii-c> developments.  
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Thompson, D . ,  N.A. C h i g i e r ,  A. Ungut and C .  Pomfre t ,  "Flame 
C h a r a c t e r i s t i c s  f o r  S i n g l e  S w i r l e r  Module from NASA Gas Turb ine  
Combustor," Report  t o  NASA-Lewis Research C e n t e r ,  Department of 
Chemical Eng inee r ing  and Fue l  Technology, U n i v e r s i t y  of  S h e f f i e l d ,  
December 1976.  P r e s e n t e d  a t  t h e  C e n t r a l  S t a t e s  S e c t i o n  Meet ing,  
The Combustion I n s t i t u t e ,  NASA-Lewis Research  C e n t e r ,  Cleve land ,  
Ohio, March 28-30, 1977. 
ABSTRACT: The approach  t o  d a t a  a n a l y s i s  i n  t h i s  r e p o r t  r e f l e c t s  
two r e c e n t  major  advances  i n  t h e  d e s c r i p t i o n  of pheno- 
mena which a r i s e  i n  t u r b u l e n t  combust ion.  These 
phenomena a r e  observed  i n  two forms;  t h e  aerodynamics 
of  bo th  h o t  and c o l d  f low sys tems have  been shown t o  
b e  i l l - d e s c r i b e d  by t h e  c lass ica l  model of  t u r b u l e n c e ;  
d a t a  on t h e  chemica l  composi t ion  of combust ion p r o d u c t s  
i s  i n c o n s i s t e n t  w i t h  small-scale mixing p r o c e s s e s .  The 
fundamenta l  change i n  t h e  d e s c r i p t i o n  of  mixing p r o c e s s e s  
imp l i ed  i s  t h e  same i n  each  c a s e  - l a r g e - s c a l e  
t u r b u l e n t  mixing i s  much more p r e v a l e n t  t h a n  h i t h e r t o  
supposed.  
The aerodynamic a s p e c t  i n v o l v e s  t h e  r e c o g n i t i o n  t h a t  
t r a n s i e n t  l a r g e - s c a l e  f l o w - d i r e c t i o n  changes  o c c u r  
r e g u l a r l y .  Evidence f o r  t h e  r e g u l a r  occurence  of  such 
changes h a s  been  o b t a i n e d  i n  i t s  most e l e g a n t  form d u r i n g  
s t u d i e s  of non- reac t ing  f lows ,  and t h e  l a r g e - s c a l e  
mixing phenomenon a t t a i n s  i t s  most o r d e r e d  form i n  t h e  
development of s o - c a l l e d  c o h e r e n t  s t r u c t u r e s  i n  t h e  
t r a n s i t i o n  r e g i o n  of non- reac t ing  j e t s .  It i s  i n h e r e n t l y  
p robab le  t h a t  t h i s  t y p e  of  phenomenon a l s o  o c c u r s  i n  a t  
l eas t  some combust ion sys t ems ,  and t h i s  h a s  been  
u n e q u i v o c a l l y  shown t o  b e  t r u e  f o r  methane j e t  f l ames  and 
shown t o  b e  h i g h l y  l i k e l y  t o  occur  i n  o t h e r  f lames .  A 
more d i r e c t l y  a p p l i c a b l e  a s p e c t  of t h e  s a m e  t y p e  o f  
l a r g e - s c a l e  p r o c e s s  i s  t h e  e s t a b l i s h e d  tendency  of 
r e c i r c u l a t i o n  zones  t o  e x h i b i t  much l a r g e r  v a r i a t i o n s  i n  
form, due t o  changes i n  d i r e c t i o n  of  f low o v e r  l a r g e r  
volumes by comparison w i t h  t h e  t o t a l  volume of t h e  
r e c i r c u l a t i o n  c o r e  t h a n  h i t h e r t o  expec ted .  The 
consequence f o r  t h e  p r e s e n t  i n v e s t i g a t i o n  is t h e  need 
f o r  u se  of t h e  most advanced laser Doppler  anemometry 
d a t a  a n a l y s i s  t e c h n i q u e s ,  i n  o r d e r  t o  d e r i v e  d i r e c t i o n a l  
i n t e r m i t t e n c y  v a l u e s  f o r  t h e  r e c i r c u l a t i o n  c o r e  o f  t h e  
f lame under  i n v e s t i g a t i o n .  
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The chemica l  a s p e c t  i n v o l v e s  t h e  a p p a r e n t  co -ex i s t ence  
of  carbon monoxide and hydrogen,  and oxygen which r e s u l t s  
from t h e  n e c e s s a r i l y  v e r y  poor  t i m e  r e s o l u t i o n  o f  
chemica l  sampl ing  by probe.  
t o  have  been  a tendency t o  a t t r i b u t e  t h e  a p p a r e n t  co- . 
e x i s t e n c e  of t h e s e  s p e c i e s  t o  t h e  complexi ty  of  combust ion 
p r o c e s s e s ,  pe rhaps  by c o n s i d e r i n g  t h a t  r a d i c a l  p e r s i s t e n c e  
i n  t h e  pos t  f lame g a s e s  of  premixed f l ames  c a n  b e  expec ted  . 
t o  b e  p a r a l l e l e d  by a n  even more complex phenomenon 
o f  t h e  same t y p e  i n  t u r b u l e n t  d i f f u s i o n  flame g a s e s .  
There i s  now much ev idence  t h a t  t h i s  i s  n o t  t h e  case: t h e  
ra te  o f  ca rbon  monoxide burnout  i s  w e l l  e s t a b l i s h e d  and 
t h e r e  i s  no d i r e c t  ev idence  t h a t  r a d i c a l  c o n c e n t r a t i o n  
ove r shoo t  o c c u r s  and p e r s i s t s  a t  a v e r y  h i g h  level i n  
t u r b u l e n t  d i f f u s i o n  f l ames  (wi th  much k i n e t i c  e v i d e n c e  
t o  t h e  c o n t r a r y ) .  The ra te  of  CO burnout  i s  t o o  f a s t  
t o  s u p p o r t  CO, E12 and 02 co-ex i s t ence  i n  a near-homogeneous 
c o n c e n t r a t i o n  f i e l d ,  o t h e r  t h a n  i n  t h e  p r e s e n c e  of  h i g h  
r a d i c a l  c o n c e n t r a t i o n s ;  a d d i t i o n  of  d i f f u s i o n  ra te  d a t a  
a p p l i e d  t o  t y p i c a l  s imple  geomet r i e s  p r e c l u d e s  t h e  
co -ex i s t ence  of sma l l - sca l e  e l emen t s  o f  such s p e c i e s  
as near -ne ighbours .  W e  are, t h e r e f o r e ,  l e d  t o  t h e  
c o n c l u s i o n  t h a t  t h e i r  appa ren t  co -ex i s t ence  r e f l ec t s  
t h e  p re sence  of l a r g e - s c a l e  chemica l  inhomogenei ty ,  
which ar ises  because  much of  t h e  mixing  which o c c u r s  i s  
' r a p i d '  when we c o n s i d e r  such  phenomena as t r a n s i e n t  
combustor l i n e r  o v e r h e a t ,  where themal  l a g  i s  h i g h ,  b u t  
' s low'  when we c o n s i d e r  molecu la r  c o l l i s i o n  p r o c e s s e s  
n e c e s s a r y  f o r  chemica l  conve r s ion  t o  occur  - t h e  mixed 
e l emen t s  can  b e  t r a n s f e r r e d  s i g n i f i c a n t  d i s t a n c e s  
b e f o r e  i n t e r d i f f u s i o n  d e s t r o y s  t h e i r  chemica l  i d e n t i t y .  
H i t h e r t o  t h e r e  a p p e a r s  
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Chigier, N.A., "Instrumentation Technique for Studying Heterogeneous 
Combustion," invited review paper presented at Central States Section 
Meeting, The Combustion Institute, NASA-Lewis Research Center, 
Cleveland, Ohio, March 28-30, 1977. 
ABSTRACT: Diagnosis of heterogeneous combustion systems requires 
the measurement of physical and chemical properties in 
flames laden with liquid and solid particles. For 
liquid-fueled combustors, the characteristics of the 
spray require to be determined, including the trajectories 
of individual droplets and their interaction with gas 
streams. Vaporization rates can be determined from 
measurement of the rate of change of diameter of 
individual droplets. 
combustion chambers is mainly in the solid phase and 
consists of both unburned fuel and nonburnable material. 
With heavy fuel oils, particles of the order of 100 LIm 
can be emitted while, for the lighter fuels, particulate 
emissions are mainly inthe sub-micron size region. 
laser anemometer can be used for simultaneous measurement 
of velocity and particle size of individual droplets and 
particles in spray flames. Laser diffraction techniques 
can be used for measurement of overall size distributions. 
Laser Raman spectroscopy offers the possibility of 
simultaneous measurement of temperature and species 
concentration in flames. Presence of particles results 
in laser irradiated particulate heating and incandescence, 
which can lead to the swamping of signals. The use of 
coherent anti-Stokes Raman and near-resonant Raman offers 
possibilities for making laser Raman measurements in 
particle laden flames. 
Particulate matter emitted from 
The 
Solid probes for measuring temperature and species 
concentration require special adaptation when used in 
particle laden flows. Particles may damage probes by 
direct impingement and cause blockage of orifices. 
Thermocouples can be used in sprays but the effects of 
direct droplet impingement must be considered. Diagnostic 
techniques have been developed in which thermocouple 
signals are digitized and recorded on a computer. 
This system permits the rapid measurement of time constants 
and, subsequently, digital frequency compensation of 
temperature time histories, providing a frequency 
response of the order of 1 kHz. Information on spray 
boundaries is provided by both laser anemometer and 
thermocouple measurements. Gas sampling probes, 
specially designed to separate liquid and solid particles 
from the g a s ,  are used for removal of samples from within 
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t h e  f lame.  S i z e  a n a l y s i s  o i  p a r t i c l e s  i s  made by 
micro-photography and computer image a n a l y s e r .  S p e c i e s  
c o n c e n t r a t i o n  i n  t h e  gas is  measured  by g a s  phase  
chromatography,  flame i o n i z a t i o n  d e t e c t o r s ,  non- 
d i s p e r s i v e  i n f r a - r e d  and u l t r a - v i o l e t  d e t e c t o r s  . 
and chemiluminescent  a n a l y s e r s .  
All measurement d i a g n o s t i c  t e c h n i q u e s  are  a f f e c t e d  by t h e  
p re sence  of l a r g e - s c a l e  c o h e r e n t  eddy s t r u c t u r e s  i n  t h e  
t u r b u l e n t  f l ow systems.  The need f o r  i n c r e a s i n g  
f requency  r e sponse ,  r e c o r d i n g  and a n a l y s i s  of varia- 
t i o n s  w i t h  t i m e  and t h e  use  of  c o n d i t i o n a l  sampl ing  i n  
i n t e r m i t t e n t  f lows  is  emphasized. The coup l ing  of 
high-speed movies w i t h  laser o p t i c a l  p robes  t o  g i v e  
s imul t aneous  r e c o r d i n g  of  v i s u a l  and s i g n a l  e v e n t s  i s  
recommended. 
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Yule,  A . J . ,  N.A. C h i g i e r  and D. Thompson, "Coherent S t r u c t u r e s  i n  
Combustion," Symposium on Turbu len t  Shear  F lows ,  Pennsy lvan ia  S ta te  
U n i v e r s i t y ,  A p r i l  1977. 
ABSTRACT: It i s  proposed ,  on t h e  b a s i s  of e x p e r i m e n t a l  ev idence ,  
t h a t  many combust ion f lows  c o n t a i n  c o h e r e n t  b u r n i n g  
s t r u c t u r e s ,  o r  ' f l a m e l e t s , '  which i n t e r a c t  as t h e y  are 
convec ted  downstream. 
d i f f u s i o n  and l i q u i d  s p r a y  f l ames  i n d i c a t e s  t h a t  t h e s e  
f l a m e l e t s  are  a s s o c i a t e d  w i t h  c o h e r e n t  l a r g e  e d d i e s  
i n  t h e s e  f lows .  The c o h e r e n t  s t r u c t u r e s  are p a r t i c u l a r l y  
e v i d e n t  f o r  a gas  d i f f u s i o n  f lame impinging on a f l a t  
p l a t e  which c o n t a i n s  th ree -d imens iona l  f l a m e l e t s .  
f l a m e l e t s  have  a wide r ange  of s i z e s  and t r a j e c t o r i e s  
a t  a f i x e d  p o i n t  which r e s u l t s  i n  a t y p i c a l  i n t e r m i t t e n t ,  
t u r b u l e n t  form f o r  t empera tu re  f l u c t u a t i o n s .  Models 
are proposed f o r  e d d i e s l f l a m e l e t s  i n  t r a n s i t i o n a l  and 
t u r b u l e n t  regimes of  v a r i o u s  f lows .  It i s  d e s c r i b e d  
how c o h e r e n t  l a r g e  e d d i e s  c a n  r e s u l t s  i n  reduced  
e f f i c i e n c y  of  combust ion and h igh  l e v e l s  of emis s ion  
of p o l l u t a n t s .  Recogn i t ion  of  t h e i r  e x i s t e n c e  p r o v i d e s  
a n  o p p o r t u n i t y  f o r  more a c c u r a t e  model ing of combust ion 
f lows .  
Pho tograph ic  e v i d e n c e  f o r  g a s  
These 
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Yule,  A . J . ,  N.A. C h i g i e r ,  S. Atakan and A. Ungut, " P a r t i c l e  S i z e  and 
V e l o c i t y  Measurement by Laser Anemometry," J o u r n a l  of  Energy 1, 4 ,  
220-228, 1977. 
ABSTRACT: The s i z e  and v e l o c i t y  of  d r o p l e t s  are measured 
s i m u l t a n e o u s l y  by p a r t i c l e  c o u n t i n g  Laser Doppler  
Anemometer (LDA) i n  ke rosene  f u e l  s p r a y s  under  b o t h  
b u r n i n g  and non-burning c o n d i t i o n s .  
t echn ique  e n a b l e s  r a p i d  measurement of  s i z e  and v e l o c i t y  
of  p a r t i c l e s  i n  s p r a y  f lames  f o r  p a r t i c l e  d i ame te r s  
l a r g e r  t h a n  t h e  f r i n g e  s p a c i n g  up t o ,  a t  least ,  300 vm.  
The t i m e  dependent  v a r i a t i o n s  i n  l o c a l  s p r a y  s t r u c t u r e  
can  b e  measured a t  p a r t i c l e  c o u n t i n g  rates of 2 kHz 
w i t h  s p r a y  d e n s i t i e s  o f ,  a t  l eas t ,  lo1 '  p a r t i c l e s / m 3 .  
P a r t i c l e  s i z e s  are d e r i v e d  from p u l s e  h e i g h t  a n a l y s i s  
of  t h e  mean LDA s i g n a l s  and v e l o c i t i e s  Are de termined  
s i m u l t a n e o u s l y ,  by measur ing  Doppler  s h i f t  f r e q u e n c i e s .  
The performance and accu racy  o f  t h e  sys tem i s  de termined  
by a n a l y s i s ,  u s i n g  g e o m e t r i c a l  o p t i c s  t h e o r y ,  coupled  
w i t h  c a l i b r a t i o n s  u s i n g  a monosized p a r t i c l e  g e n e r a t o r .  
The measurements demons t r a t e  t h a t  d r o p l e t  v e l o c i t y  i s  
a f u n c t i o n  o f  d r o p l e t  d i ame te r  f o r  b o t h  bu rn ing  and 
non-burning c o n d i t i o n s .  The t e c h n i q u e  e n a b l e s  t e m p o r a l l y  
averaged  l o c a l  s i z e  d i s t r i b u t i o n s  t o  b e  measured. 
S p a t i a l l y  averaged  s i z e  d i s t r i b u t i o n s  a re  d e r i v e d  from 
t h e  s i m u l t a n e o u s l y  a c q u i r e d  v e l o c i t y  d a t a .  S i g n i f i c a n t  
d i f f e r e n c e s  are found between s p a t i a l l y  and t e m p o r a l l y  
averaged  s i z e  d i s t r i b u t i o n s .  Comparison of r e s u l t s  
o b t a i n e d  under  b u r n i n g  and non-burning c o n d i t i o n s  show 
changes i n  s i z e  d i s t r i b u t i o n  due t o  p r e f e r e n t i a l  
v a p o r i z a t i o n  o f  s m a l l  d r o p l e t s ,  a c c e l e r a t i o n  due t o  
t h e r m a l  expans ion  of g a s e s  and cor responding  changes 
i n  d r o p l e t  momentum. 
T h i s  measurement 
Thompson, D . ,  N.A. C h i g i e r  and A. Ungut, "Flame C h a r a c t e r i s t i c s  of 
a NASA Cont.ra S w i r l e r  Module, I '  ASME, 78-GT-163 , 1978. 
ABSTRACT: The s t r u c t u r e  of unconf ined  f l ames  s t a b i l i z e d  on a NASA 
c o n t r a - s w i r l  can  h a s  beer. examined. A wide r ange  of  f lame 
t y p e s  may b e  s t a b i l i z e d .  The s t r u c t u r e  depends on 
r e f e r e n c e  v e l o c i t y  and f u e l - a i r  r a t i o ,  and pho tograph ic  
i l l u s t r a t i o n s  of r e p r e s e n t a t i v e  examples of each flame 
t y p e  are shown. A h i g h l y  compact f lame i s  o b t a i n e d  over  
a narrow band of  f u e l - a i r  r a t i o s ,  w i t h i n  t h e  t o t a l  range  
o v e r  which f l ames  may be  s t a b i l i z e d ,  a t  h i g h  r e f e r e n c e  
v e l o c i t y  (27.8 m/s) .  The compact s t r u c t u r e  c a n  o n l y  be  
o b t a i n e d  w i t h  c a r e f u l  f u e l  n o z z l e  l o c a t i o n .  
44 
Yulc,  A . J . ,  D.S. Tay lo r  and N . A .  C t i i g i c a r ,  “On-1,inc 1) ig i t ; t l  
Compensation and  P r o c e s s i n g  of Thermocouple S i g n a l s  f o r  Temperature  
Measurement i n  Turbu len t  Flames,”  AIAA S i x t e e n t h  Aerospace S c i e n c e s  
Meet ing,  H u n t s v i l l e ,  Alabama, Paper  No. 78-30, 1978.  
ABSTPACT: An i n v e s t i g a t i o n  h a s  been  madz o f  means f o r  t h e  
improvement of h i g h  f requency  t empera tu re  measurement i n  
t u r b u l e n t  combust ion by u s i n g  t h e  f i n e  w i r e  thermocouple .  
I n  p a r t i c u l a r ,  when t h e  thermocouple  i s  s u i t a b l y  
i n t e r f a c e d  w i t h  a microcomputer ,  i t  i s  demonst ra ted  
t h a t  a r ange  of new p o s s i b i l i t i e s  a r i se  € o r  i n v e s t i g a t i n g  
and i n c r e a s i n g  t h e  measurement accu racy  of  t h e  thermo- 
couple .  R e s u l t s  of t h e  i n v e s t i g a t i o n  show t h a t ,  i n  
g e n e r a l  i t  i s  n e c e s s a r y  t o  account  f o r  t h e  thermocouple  
geometry i n  more d e t a i l  t h a n  h a s  been u s u a l  i n  t h e  p a s t  
i n  o r d e r  t h a t  t h e  h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  of t h e  
thermocouple  can  b e  a c c u r a t e l y  de te rmined  f o r  a wide 
f requency  range .  I n  a d d i t i o n ,  t i m e  dependency o f  t h e  
h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  o f  t h e  thermocouple  i s  
s i g n i f i c a n t  i n  h i g h l y  t u r b u l e n t  f l ows .  Measures of 
g e o m e t r i c a l  and t i m e  dependency e f f e c t s  are o b t a i n e d ,  
and i n c l u d e d  i n  t h e  subsequent  d i g i t a l  compensat ion of 
t h e  thermocouple  s i g n a l ,  by s u i t a b l e  d e s i g n  of probe ,  
i n t e r f a c e  and so f tware .  Compared w i t h  p u r e l y  ana logue  
t e c h n i q u e s  t h e  d i g i t a l  t e c h n i q u e s  i n t r o d u c e  t h e  p o s s i b i l i t y  
of  i n c r e a s e d  accu racy  and f l e x i b i l i t y  i n  f l u c t u a t i n g  
t empera tu re  measurement. Measurements are less s e n s i t i v e  
t o  s i g n a l l n o i s e  r a t i o  problems and t h e  t e c h n i q u e  i s  
s u i t e d  t o  h i g h  r e s o l u t i o n  p o i n t  measurements,  such as 
t h o s e  i n v o l v i n g  thermocouple- laser  anemometer c r o s s -  
c o r r e l a t i o n s ,  which are r e q u i r e d  t o  i n c r e a s e  fundamental  
unde r s t and ing  of t u r b u l e n t  combustion. 
Thompson, D. and N . A .  C h i g i e r ,  ”The E f f e c t  of P r e h e a t  on t h e  S t r u c t u r e  
of  a S w i r l  S t a b i l i z e d  Flame,” A I M  S i x t e e n t h  Aerospace S c i e n c e s  Meet ing,  
H u n t s v i l l e ,  Alabama, Paper  No. 78-28, 1978. 
ABSTRACT: The e f f e c t  o f  p r e h e a t  on t h e  t empera tu re  and s p e c i e s  
d i s t r i b u t i o n s  i n  propane f lames  s t a b i l i s e d  on a NASA 
c o n t r a  swirl can h a s  been examined. Flames w i t h  com a c t ,  
s t a b l e  s t r u c t u r e ,  w i t h  i n n e r  s w i r l e r  a i r f l o w  9 . 1 ~ 1 0 -  kg 
s-l o u t e r  s w i r l e r  p l u s  bypass  a i r f l o w  20.3xlO”kg s-’ and 
propane i n j e c t e d  1 mm ups t ream of t h e  i n n e r  swirlcr hub 
h a s  been  s e l c c t e d  f o r  d e t a i l e d  s tudy .  Over t h e  i n l e t  
a i r  t e m p e r a t u r e  ( T o )  range 300 - 673K t h e  maximum tempera- 
t u r e  i n  t h e  f lame i n c r e a s e d  by 40 t o  6OK p e r  l O O K  i n c r e a s e  





approachcld the e x i t  plan(> as To was increased. 
C0,H2 and mc1thnncb wc'r(' F m n d  together in gas samples 
taken from the f l n n w ,  iilc'lriding thc! rc'gions o f  maximum 
temperature. 
Oxygen, 
Ungut, A , ,  A . .J .  Yule, D.S. Taylor and N . A .  Chigier, "Simultaneous 
Velocity and Particle Size Measurements in Two Phase Flows by Laser 
Anemometry,'' A I M  Sixteenth Aerospace Sciences Meeting, Huntsville, 
Alabama, Paper No. 78-74,. 1978. 
ABSTRACT: At the 15th Aerospace Sciences Meeting the authors 
described a technique for particle size measurement 
by using Laser Doppler Anemometry. The present paper 
reports on developments which have taken place since that 
time. An additional gate photomultiplier has been 
introduced at right angles to the optical axis in order 
to select only those particles passing through the 
central region of the measurement control volume. This 
development eliminates the dependence of the measurements 
on position of the particle along the length of the 
measurement volume and thus simplifies the analytical 
method of correcting data for the effect of particles 
being equally likely to pass through any position in 
the measurement volume. Particle sizing measurements 
have been made in sprays of glass particles using the 
modified Laser Anemometry system. Measurements in fuel 
sprays are also reported and compared with the results 
obtained by a photographic technique. The application 
of the particle sizing technique to opaque particles is 
investigated and suitable optical arrangements are 
suggested. Light scattering characteristics of Laser 
Anemometry systems for different optical geometries are 
calculated to select the optimum optical arrangement for 
the particle sizing measurements. 
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